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ABSTRACT
IMPACT OF CHEMICAL DOPING ON THE THERMOELECTRIC CHARGE
TRANSPORT OF ORGANIC SEMICONDUCTORS
SEPTEMBER 2018
CONNOR J. BOYLE, B.S., STATE UNIVERSITY OF NEW YORK – COLLEGE OF
ENVIRONMENTAL SCIENCE AND FORESTRY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor D. Venkataraman
The thermoelectric properties of organic semiconductors allow them to directly
convert heat into electricity without the use of moving parts and to directly convert
electricity into heat without the use of working fluids. These properties offer
opportunities for the generation of electricity from non-conventional or renewable
sources of heat and for refrigeration without the risk of leaking harmful working fluids at
any length scale down to the nanoscale. Since organic materials are lightweight, flexible,
and made from abundant resources, these opportunities could one day become affordable
for widespread use and could be expanded to include specialized and otherwise difficult
to reach applications, such as wearable refrigeration and electricity generation from
anthropogenic heat. Since these properties are a result of how charge carriers in organic
materials transfer energy upon conduction, measuring these properties also allows us to
better understand the factors that influence how charge carriers carry energy during
charge transport.
One of the remaining challenges in developing organic thermoelectric materials
for practical use is the preparation of n-type thermoelectric materials, which transport
electrons as their charge carrier, since most n-type organic semiconductors are unstable in
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air due to electron transfer to oxygen gas. We synthesized three organic conjugated
polymers based on electron deficient rylene diimides and a vinylene spacer – PDNDIV,
PFNDIV, and PDIV – to study how these could be doped into n-type semiconductors and
how long these persist in air. Each polymer was capable of electron transport, and
PFNDIV was capable of remaining n-doped with electronic charges for at least one week
in air.
Blending conducting fillers into organic thermoelectric materials can alter their
thermoelectric properties by altering the mechanism of charge transport. We blended the
conductive filler SWNT into the organic conjugated polymer PBTDV2 and measured the
thermoelectric properties. Although PBTDV2 was originally developed for use as an
electron transporting polymer, all blends of SWNT with PBTDV2 had p-type, hole
transporting, thermoelectric properties similar to those of oxygen-doped SWNT.
We measured the thermoelectric properties of two p-type organic polymers –
P3HT and PDPP4T – that were doped to achieve a high concentration of charge carriers
as they spontaneously de-doped and decreased their charge carrier concentration.
Modeling these thermoelectric properties revealed that the spatial distribution of dopants
in the polymers impacted the how much energy was carried per charge carrier due to
Coulombic interactions of the dopants with the charge carriers, and that more
heterogeneous spatial distributions of dopants can limit the thermoelectric performance
by limiting how much energy is carried per charge carrier. These findings aid in the
future development of organic thermoelectric materials by highlighting the importance of
doping organic thermoelectric materials in ways that achieve homogeneous spatial
distributions of dopants.

ix

TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS ...................................................................................................v
ABSTRACT..................................................................................................................... viii
LIST OF TABLES ............................................................................................................ xii
LIST OF FIGURES ......................................................................................................... xiii
CHAPTER
1.

INTRODUCTION ...................................................................................................1
1.1 Brief Overview of the Thermoelectric Effect ....................................................1
1.2 The Current Status of Organic Thermoelectric Materials..................................4

2.
DESIGN AND SYNTHESIS OF N-TYPE CONDUCTING POLYMERS
WITH PERSISTENT RADICAL ANIONS ........................................................................8
2.1 Overview ............................................................................................................8
2.2 Persistent Radical Anion Polymers Based on Naphthalenediimide and
a Vinylene Spacer ........................................................................................9
2.2.1 Synthesis and Characterization of Naphthalenediimide
Vinylene Copolymers ....................................................................12
2.2.2 Optoelectronic Properties of Naphthalenediimide Vinylene
Copolymers ....................................................................................15
2.2.3 Characterization and Stability Study of Radical Anion
Naphthalenediimide Vinylene Copolymers ...................................18
2.2.4 Conductivity of Radical Anion Naphthalenediimide Vinylene
Copolymers ....................................................................................23
2.3 Persistent Radical Anion Polymers Based on Perylenediimide and a
Vinylene Spacer .........................................................................................26
2.3.1 Optoelectronic Properties of Perylenediimide Vinylene
Copolymers ....................................................................................28
2.3.2 Characterization and Stability Study of Radical Anion
Perylenediimide Vinylene Copolymers .........................................30
2.3.3 Conductivity of Radical Anion Perylenediimide Vinylene
Copolymers ....................................................................................32

x

3.
THERMOELECTRIC PROPERTIES OF PBTDV2/CARBON
NANOTUBE BLENDS .....................................................................................................35
3.1 Introduction and Overview ..............................................................................35
3.2 Preparation and Thermoelectric Properties of PBTDV2/SWNT Blends ........37
3.2.1 Thermoelectric Properties of Undoped PBTDV2/SWNT
Blends ............................................................................................38
3.2.2 Thermoelectric Properties of Doped 50% SWNT in
PBTDV2 ........................................................................................40
3.2.3 Conclusion of Thermoelectric Properties PBTDV2:SWNT
Blends ............................................................................................41
4.
SPATIAL HETEROGENEITY OF DOPANTS IMPACTS THE
THERMOELECTRIC CHARGE TRANSPORT PROPERTIES .....................................42
4.1 Overview ..........................................................................................................42
4.2 Introduction ......................................................................................................43
4.3 Results and Discussion ....................................................................................46
4.3.1 Gaussian Disorder Model of s and a ...............................................50
4.3.2 Kelvin Probe Force Microscopy and Photoluminescence of
iodine doped clusters......................................................................53
4.4 Conclusion .......................................................................................................57
5.
ELECTROCHEMICAL CONTROL OF THE THERMOELECTRIC
PROPERTIES OF PEDOT TOSYLATE ..........................................................................59
5.1 Introduction and Overview ..............................................................................59
5.2 Preparation of PEDOT:Tos Films by SCP ......................................................61
5.2.2 Effect of Weak Base Additive Used in SCP on the
Conductivity and Seebeck Coefficient of PEDOT:Tos .................62
5.2.1 Effect of Oxidant to Monomer Ratio on the Conductivity and
Seebeck Coefficient of PEDOT:Tos ..............................................65
5.3 Effect of Electrochemical Oxidation and Reduction on the
Conductivity and Seebeck Coefficient of PEDOT:Tos .............................66
5.4 Summary and Future Outlook of Electrochemical Oxidation of
PEDOT:Tos for Thermoelectric Studies ....................................................69
APPENDIX: EXPERIMENTAL SECTION .....................................................................72
BIBLIOGRAPHY ..............................................................................................................92

xi

LIST OF TABLES
Table

Page

Table 1: Molecular mass distribution of the polymers ......................................................13
Table 2: Optical and electrochemical properties of the polymers .....................................16
Table 3: Conductance, Conductivity, and Film Thickness of PDNDIV and
PFNDIV in Presence of TBACN. ....................................................................26

xii

LIST OF FIGURES
Figure

Page

Figure 1: p-type and n-type semiconductor blocks connected by metal
interconnects in a configuration that enables power generation from a
temperature gradient through the device............................................................2
Figure 2: (a) DFT calculated electron affinity of DNDIV and FNDIV oligomers
modelled with increasing naphthalene diimide units. (b) Optimized
geometry and molecular orbital spin density difference plots including
positive spin density (green orbital) and negative spin density (blue
orbital) for the 5-mer of [FNDIV]•− and (c) [DNDIV]•−. .................................11
Figure 3: Scheme of the synthesis of PDNDIV and PFNDIV by Stille reaction. .............13
Figure 4: (a) TGA thermograms of PDNDIV and PFNDIV (b) DSC plots of
PDNDIV, (c) DSC plots of PFNDIV at heating rate of 10 °C min−1
under a N2 atmosphere. ....................................................................................14
Figure 5: XRD patterns of PDNDIV and PFNDIV at ambient temperature. ....................15
Figure 6: (a) UV-Vis spectra of the polymers in 10−5 M chloroform solution and
as thin films on ITO coated glass. The Tauc plot of the film spectra,
assuming r = 1/2 for a direct allowed transition, including the dashed
trace used to determine the bandgap is inset. (b) Cyclic
voltammograms of the polymer film dropcast onto a Pt disk (1.6 mm
diameter) electrode as the working electrode, using Pt wire as the
counter electrode, Ag/AgCl as the reference electrode, and 0.1 M
tetrabutylammonium perchlorate as the supporting electrolyte at a scan
rate of 50 mV s−1, reduction only scans. ..........................................................16
Figure 7: Synthesis of [PDNDIV]•− and [PFNDIV]•− under ambient condition in
THF using TBACN or TDAE. .........................................................................17
Figure 8: Ratio of doped to undoped repeating units, estimated by UV-Vis-NIR
spectroscopic changes, for PDNDIV and PFNDIV in THF with
increasing molar equivalents of TBACN; insets are the UV-Vis-NIR
spectra for PFNDIV (left) and PDNDIV (right). .............................................18
Figure 9: UV‒Vis‒NIR spectroscopic changes of PFNDIV in THF with TDAE
dopant, inset TDAE induced colorimetry. .......................................................19
Figure 10: (a) Control EPR spectra of PDNDIV, PFNDIV and TBACN, in THF.
(b) EPR spectrum of [PDNDIV]•− and [PFNDIV]•− in THF (TDAE
induced)............................................................................................................20

xiii

Figure 11: Room-temperature X-band EPR spectra of (a) 2 mM (repeating units)
PDNDIV with 10 mM TBACN and (b) 2 mM PFNDIV with 2 mM
TBACN in THF yielding [PDNDIV]•− and [PFNDIV]•−, respectively.
The 7 day point for PDNDIV]•− is omitted and unreliable due to
polymer precipitation. ......................................................................................21
Figure 12: Room-temperature X-band EPR spectra of (a) PDNDIV (2 mM) and
(b) PFNDIV (0.5 mM) after mixing with increasing concentration of
TBACN in THF. (c) Normalized EPR intensity of PFNDIV (0.5 mM)
with increasing concentration of TBACN in THF. ..........................................22
Figure 13: I-V curves of [PDNDIV]•− and [PFNDIV]•− doped using TBACN..................23
Figure 14: I-V curves of PDNDIV (a) and PFNDIV (b) in absence of any dopant. ..........24
Figure 15: Current response of [PDNDIV]•− to a constant applied voltage over
time. .................................................................................................................24
Figure 16: Current response of [PFNDIV]•− to a constant applied voltage over
time. .................................................................................................................25
Figure 17: Scheme of the Stille coupling polymerization of PDIV. For the sake of
simplicity, the structure of the of the 1,6- repeating units is omitted and
only the 1,7- is shown in PDIV........................................................................28
Figure 18: (a) UV-Vis-NIR spectrum of PDIV in THF solution. The Tauc plot,
assuming r = ½ for a direct allowed transaction, including the dashed
trace used to determine the bandgap, inset. (b) Cyclic voltammogram
of a PDIV film dropcast onto a Pt disk (1.6 mm diameter) electrode as
the working electrode, using Pt wire as the counter electrode, Ag/AgCl
as the reference electrode, and 0.1 M tetrabutylammonium perchlorate
as the supporting electrolyte at a scan rate of 50 mV s−1. ................................29
Figure 19: UV-Vis-NIR spectroscopic response of PDIV in THF solution to
increasing stoichiometric equivalents of TBACN dopant. (a) Ratio of
A780 nm/A525 nm intensities and (b) UV-Vis-NIR spectra of PDIV mixed
with dopant from 0 to 2 molar equivalents (with respect to PDIV
repeating units), with a colorimetric comparison of 0 and 1 equivalent
inset. .................................................................................................................30
Figure 20: Room temperature X-band EPR spectra of 1 mM PDIV after mixing
with increasing concentration of TBACN in THF. ..........................................31
Figure 21: Room temperature X-band EPR spectra of 1 mM PDIV after mixing
with 4 mM TBACN in THF under ambient conditions, over time. .................32

xiv

Figure 22: Current response of [PDIV]•− to a constant applied voltage over time. ...........33
Figure 23: I-V curves of (a) doped PDIV and (b) undoped PDIV. ....................................33
Figure 24: The chemical structure of PBTDV2. ................................................................36
Figure 25: Flexible films of PBTDV2 blended with (a) 0%, (b) 10%, (c) 20%, (d)
30%, (e) 40%, and (f) 50% SWNT. .................................................................38
Figure 26: (a) Conductivity of SWNT:PBTDV2 blends as a function of r (black
circles) and the fit to the model of percolation of SWNT filler in a
matrix of PBTDV2 (solid black line), (b) the natural logarithm of
conductivity dependence on r-1/3 (blue squares) and the linear fit of
this relation (dashed blue line), (c) the Seebeck coefficient. ...........................39
Figure 27: The (a) a, (b) s, and (c) power factor of 50% SWNT in PBTDV2
before and after doping with iodine vapor. ......................................................41
Figure 28: (a) P3HT and (b) PDPP4T are chemically doped in the presence of
iodine vapor, but are unstable and gradually dedope in the absence of
iodine vapor. ....................................................................................................47
Figure 29: Conductivity (black, left axis) and Seebeck coefficient (blue, right
axis) for (a) P3HT doped at 25 °C, (b) P3HT doped at 75 °C, (c)
PDPP4T doped at 25 °C, and (d) PDPP4T doped at 75 °C. One of
every five data points collected is plotted along a dashed line as a
visual guide. .....................................................................................................49
Figure 30: log-log plot of Seebeck coefficient vs. conductivity for P3HT doped at
25 °C (black circles), P3HT doped at 75 °C (red squares), PDPP4T
doped at 25 °C (blue up triangles), and PDPP4T doped at 75 °C
(purple down triangles). One of every five data points collected is
plotted along with a dashed line as a visual guide. Vertical error bars
representing the standard error for the thermovoltage sampling for a
and horizontal error bars representing the root mean squared error for
the I-V curve for s for each marker would have the same size scale as
the marker size, and are thus omitted for clarity. .............................................50

xv

Figure 31: The effect of doping and clustering on the DOS distribution. (Intrinsic
Gaussian width = 3 kT) The charge carriers interact Coulombically
with the ionized dopants creating additional deep traps and effectively
broadening the DOS. Log-log plot of Seebeck coefficient vs.
conductivity showing the change in slope due to: (b) Gaussian and
exponential DOS, (c) doping and clustering induced effective
broadening and deep tail of the DOS. The doping induced distribution
is computed with Nd = 2% and Cs = 1, and the clustering induced
distribution with Nd = 0.2% and Cs = 3. (d) Comparison of our model
to experimental data from Fig. 30. (Nd = 0.1 % and Cs = 1 for red
dashed line with symbol, Nd =0.02 % and Cs = 9 for green dashed line
with symbol). ...................................................................................................52
Figure 32: A histogram of measured SPC and its Gaussian fit, with the height map
and SPC map inset, of (a) pristine P3HT, (b) P3HT doped at 25 °C, (c)
P3HT doped at 75 °C, (d) PDPP4T doped at 25 °C, and (e) PDPP4T
doped at 75 °C..................................................................................................54
Figure 33: PL images of (a) a pristine P3HT film indicating intense, uniform
photoluminescence, (b) an iodine doped P3HT film indicating
quenched, non-uniform photoluminescence, and (c) the PL emission
spectra of the prisinte P3HT (red), a lightly doped patch from the
iodine doped P3HT (maroon), and a densely doped patch of the iodine
doped P3HT (black). Exposure time: 0.2 s. .....................................................55
Figure 34: (a) Histograms of the SPC distribution, (b) Gaussian fit to each
histogram, and the (c) mean and (d) width of the Gaussian fits of a
film of P3HT initially doped at 25 °C as it spontaneously de-dopes. ..............57
Figure 35: Oxididative polymerization conditions used for the SCP of
PEDOT:Tos in this work. Pluronic F127 is added as a weak base that
coordinates with FeIII ions................................................................................60
Figure 36: Chemical structure of (top) and image of film prepared using (bottom)
the ethoxylated additives (a) Capstone FS-30 (n or m are not provided
by the chemical vendor), (b) Triton X-45 (n ≈ 5), (c) Tomadol 91-8 (n
≈ 6, m ≈ 8), (d) Pluronic P85 (n = 26, m = 40), and (e) PEG 600 (n =
14). ...................................................................................................................64
Figure 37: Seebeck coefficient (green, left bars) and conductance (blue, right
bars) for PEDOT:Tos films prepared using a variety of ethoxylated
additives. ..........................................................................................................65

xvi

Figure 38: Effect of oxidant to monomer molar ratio on the (a) film thickness, (b)
conductivity, and (c) Seebeck coefficient. Error bars represent the
standard error of four measurements of the film thickness at for
different locations on the films surface for (a), the combined standard
error of the film thickness with the root mean square error (RMSE) of
the I-V linear curve fit for (b), and the RMSE for the ∆V-∆T linear
curve fit for (c). ................................................................................................66
Figure 39: Electrochemical cell used to reduce or oxidize PEDOT:Tos. The
PEDOT:Tos film before applying any potential is shown in (a), the
PEDOT:Tos film reduced at -2 V is shown in (b), and the PEDOT:Tos
film oxidized at +2 V is shown in (c). Each image was captured
sequentially using the same sample of PEDOT:Tos. .......................................67
Figure 40: Dependence of conductivity (blue squares) and Seebeck coefficient
(black triangles) on the potential applied to electrochemically modified
PEDOT:Tos......................................................................................................68
Figure 41: Compilation of PEDOT:Tos Seebeck coeffients vs. conductivities from
electrochemically modified (blue squares) and as prepared (black
circles) PEDOT:Tos fit with an s = 1 (black curve) and an s = 3 (red
curve). ..............................................................................................................69
Figure 42: Synthetic scheme for the monomers DNDI and FNDI. ...................................74
Figure 43: Synthetic scheme for the regioisomeric mixture of monomers for
PDIV. ...............................................................................................................79
Figure 44: A thermovoltage (∆V) vs. temperature gradient (∆T) curve for
PEDOT:Tos used to determine the Seebeck coefficient. .................................90
Figure 45: Single-point Seebeck coefficient calculations (black squares) and
relative error (red crosses) for PEDOT:Tos compared to their multipoint Seebeck coefficient calculations. ............................................................91

xvii

CHAPTER 1
INTRODUCTION

1.1 Brief Overview of the Thermoelectric Effect
The conversion of heat into electricity has enabled the electrical grid that has
revolutionized the world around us allowing us to light our homes, share information
across the globe at light speed, stay connected with those we care about the most, and
much more. This electrical grid is made possible by power plants around the world, most
of which use heat engines to convert heat into motion and then use generators to convert
that motion into electricity. Despite our current global reliance on a combination of heat
engines and generators with moving parts for converting heat into electricity, this is not
the only way heat can be transferred into electrical power.
Conductors and semiconductors can convert heat directly into electricity, as
described by the Seebeck effect.1 Whenever heat is applied to these types of materials,
the electrons and other types of charge carriers have more energy on the hotter side than
on the colder side. This leads to the formation of a voltage across the material according
to the relation 𝛼 =

#$
#%

, where a is a material property known as the Seebeck coefficient,

∆T is the temperature gradient applied to the material, and ∆V is the voltage response,
also known as the thermovoltage. When two materials with dissimilar a are connected in
series by conductive interconnects positioned on the hot and cold side of the materials,
electrical power can be generated as like charges move codirectionally through the series
while unlike charges move contradirectionally, as depicted in Figure 1. Ideally, one of the
materials should have a positive value of a, making it a p-type thermoelectric material

1

which moves holes from hot side to cold, and the other material should have a negative

a, making it an n-type thermoelectric material which moves electrons from hot side to
cold. When no heat is applied to this device, but a current is applied, charge carriers carry
heat with them as they move through the series, resulting in the heating of one side and
the cooling of another, a process known as the Peltier effect. Thermoelectric devices can
therefore function either as an electrical power generator using heat sources or as a
refrigerator using electrical power sources.

Figure 1: p-type and n-type semiconductor blocks connected by metal interconnects
in a configuration that enables power generation from a temperature gradient
through the device.
The magnitude of power that can be generated across a material at a particular
temperature gradient is given by its thermoelectric power factor, sa2, where s is the
conductivity of the material. A material’s thermoelectric power conversion efficiency
depends on its power factor and on how much its heat transfer is dominated by the
transfer of charge carriers from hot side to cold, so that the amount of heat wasted by

2

transfers through other processes is minimal. These properties are combined into the
dimensionless thermoelectric figure of merit, ZT, which indicates how well the material
can perform in terms of its power conversion efficiency and is given by the relation:
𝑍𝑇 =

() *
+

𝑇, where k is the thermal conductivity of the material.

The direct conversion of heat into electricity by thermoelectric materials without
the use of moving parts makes them advantageous for harvesting energy from heat
sources that cannot practically power heat engines, such as anthropogenic heat, solar
thermal heat, and waste heat from industrial processes and vehicles. Thermoelectric
materials therefore make it possible to generate more of our electrical power without
burning fossil fuels and to generate electrical power in remote areas that do not have
access to the grid, including the generation of electricity for space probes using
radioisotope heating. The most commonly used thermoelectric materials in the current
market are bismuth telluride and lead telluride, which have a ZT of ~1.
Organic thermoelectric materials have many advantages over inorganic ones such
as bismuth telluride. Organic materials are lightweight and flexible, making them
amenable to applications where weight, hardness, and brittleness are undesirable, such as
wearable thermoelectric materials for clothing and accessories. Organic materials are also
prepared from abundant materials, making them more widely available and affordable
then materials based on rare metals such as tellurium. Organic thermoelectric materials
are not yet competitive, however, in terms of their ZT.

3

1.2 The Current Status of Organic Thermoelectric Materials
Organic semiconductors typically have a low thermal conductivity, placing the
focus of improving their ZT on increasing their thermoelectric power factor sa2. To
understand sa2can be improved, it is convenient to begin by examining Fritzsche’s
general equations for s and a.2 Fritzche described the conductivity as the integral over all
single electron states: 𝜎 =

𝜎 𝐸 𝑑𝐸 = 𝑞 𝑔 𝐸 𝜇 𝐸 𝑓 𝐸 [1 − 𝑓 𝐸 ] 𝑑𝐸 and the a as

the energy carried per unit charge, relative to the EF, in proportion to that charge carriers
relative contribution to the overall conduction: 𝛼 =

78

:;:< ((:)

9

7%

(

𝑑𝐸. Here, q is the

charge of the carrier, g(E) is the density of states (DOS), µ(E) is the charge carrier
mobility, f(E) is the Fermi-Dirac distribution, 𝑓 𝐸 =

?
BCB<

, EF is the electron

?@A DE

chemical potential, and k is the Boltzmann constant. It can be seen that adjusting the EF
to a position closer to the DOS will increase the overlap between the Fermi window
f(E)[1-f(E)] and the DOS, and thus increase the s. It can also be seen that moving the EF
to a position closer to the DOS will decrease the energy of each single electron state
relative to the EF and will thus decrease the a. This results in a tradeoff between s and a
when between moving the EF closer to the DOS, and an optimal EF where the
thermoelectric power factor sa2 is optimized. This tradeoff can also be understood in
terms of the carrier concentration, n, given by: 𝑛 = ∫ 𝑔 𝐸 𝑓 𝐸 𝑑𝐸. Moving the EF closer
to the DOS increases n, so an increasing n is predicted to increase the s while decreasing

a, at some point reaching an optimal n for maximizing the value of sa2. Optimization of
n for a given organic thermoelectric material is therefore a common strategy for
improving sa2.
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The reported ZT for p-type organic thermoelectric materials has recently
approached values competitive with inorganic. A ZT of 0.24 was reported for
PEDOT:PSS, and was attained by optimizing n by chemical reduction of doped
PEDOT:PSS.3 A ZT of 0.42 is reported for DMSO-mixed PEDOT:PSS, having a power
factor of 469 µW m-1 K-2.4 A power factor of 1,270 µW m-1 K-2 has been achieved for
PEDOT:Tos by electrochemically controlling the carrier concentration, but the thermal
conductivity and therefore the ZT is not known.5 The strategy of optimizing n has led to
significant improvements in the thermoelectric power factor and ZT of p-type organic
thermoelectric materials. Further improvements will require a better understanding of
what factors determine the optimum value for n, and how these factors can be tuned to
shift the entire trend of s and a on n to achieve even greater values for sa2.
Devices made from both organic p-type and n-type thermoelectric materials are
necessary to attain the full benefits of organic thermoelectric materials’ light weight,
flexibility, and availability from abundant resources, but the performance of n-type
organic thermoelectric materials is lagging significantly behind in performance. A power
factor of 33.3 µW m-1 K-2 has recently been reported for the n-type thermoelectric small
molecule 2DQTT-o-OD doped with (2-Cyc-DMBI-Me)2, with a ZT of 0.02.6 The n-type
small molecule A-DCV-DPPTT doped with N-DMBI has recently been reported to reach
its maximum power factor of 236 µW m-1 K-2 at °C, resulting in a ZT of 0.23.7 The
authors attribute this remarkably high power factor, in part, to ability to control the
doping of solid state aggregates of A-DCV-DPPTT using the N-DMBI• radical. A power
factor of 28 µW m-1 K-2 has recently been reported for the n-type polymer FBDPPV
doped with N-DMBI.8 These results have all been attributed to the high electron mobility
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of the n-type semiconductor and to the careful energy level alignment between the
LUMO of the n-type semiconductor and the HOMO or SOMO level of the dopant. A
power factor of 1,050 µW m-1 K-2 and ZT of 0.5 has also been reported for PEDOT
composites with carbon nanotubes doped with TDAE.9 Although some of these power
factors and ZTs are remarkably high for n-type organic thermoelectric materials, these ntype materials can only be tested in the absence of air, presumably due to their instability
in air caused by the oxidation of the n-doped semiconductor by oxygen. An added and
unique challenge for improving n-type organic thermoelectric materials is, therefore, to
prepare semiconductors with such low-LUMO levels that oxygen will not accept an
electron from the n-doped semiconductor.
In this dissertation, I describe my Ph.D. research results that address the current
needs in the field of organic thermoelectric materials of understanding a vs. s trends and
of synthesizing and doping n-type organic semiconductors that are persistent in their
radical anion, doped state in the presence of air. In Chapter 2, I describe the synthesis of
n-type organic copolymers designed using rylenediimide units with a vinylene spacer and
how tuning the LUMO levels of these copolymers enables their chemical doping into
radical anion copolymers that persist under ambient conditions. The polymers I describe
in Chapter 2 – PDNDIV, PFNDIV, and PDIV – could be chemically doped under
ambient conditions, became electrically conductive under ambient conditions after
doping, and persisted as chemically doped radical anions on a timescale of days to one
week. In Chapter 3, I describe the charge transport in blends of the n-type organic
polymer PBTDV2 with carbon nanotubes. The charge transport in these blends was ptype, based on the sign of a, which is consistent with the carrier type in oxygen-doped
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carbon nanotubes and inconsistent with the previously reported n-type carrier in
PBTDV2. The dependence on carbon nanotube concentration in these blends is consistent
with that of P3HT blends with carbon nanotubes. In Chapter 4, I describe methodology to
obtain a vs. s trends for the organic polymers P3HT and PDPP4T by making in situ
measurements of the iodine doped samples as they spontaneously dedope over time.
Modeling these trends to deduce the dopant-induced density of states (DOS) and mapping
the Surface Potential Contrast (SPC) using Kelvin Probe Force Microscopy (KPFM) to
measure the spatial distribution of dopants throughout the samples’ surface provided us
with insight into how the spatial distribution of dopants influenced the a vs. s trends. In
the final chapter of this dissertation, Chapter 5, I describe the synthesis of p-type,
electrically conductive films of PEDOT:Tos and the modulation of their thermoelectric
properties by electrochemical oxidation and reduction. This chapter serves as
documentation of the methods we used to synthesize and electrochemically oxidize and
reduce PEDOT:Tos, however, the range of a and s we obtained was too narrow for
useful modelling.
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CHAPTER 2
DESIGN AND SYNTHESIS OF N-TYPE CONDUCTING POLYMERS WITH
PERSISTENT RADICAL ANIONS

2.1 Overview
In this chapter, I describe the design and synthesis of electron transporting
polymers in the DV Group based on electron deficient rylenediimide units bridged by
vinylene spacers. This research was a continuation of the DV Group’s previous research
into electron transporting polymers,10-11 with a new focus on tailoring the LUMO levels
of the polymers to enable chemical doping and persistence of the chemically doped
radical anion polymers under ambient conditions. This was motivated by the current lack
of n-type polymers with a high thermoelectric power factor. Although the polymers
prepared in this research could be chemically doped under ambient conditions, their
electrical conductivities were too low to enable measurements of their Seebeck
coefficients (a).
The following section* describes the synthesis and properties of polymers based
on naphthalenediimide with a vinylene spacer we have already reported elsewhere.12 The
final section of this chapter describes a regiorandom perylenediimide vinylene
copolymer. I gratefully acknowledge Dr. Sashi Debnath, who synthesized the
naphthalenediimide vinylene copolymers and carried out a significant amount of their
characterization, Dr. Dongming Zhou and Prof. Kevin Kittilstved, who characterized the
electron paramagnetic resonance spectroscopy, Dr. Bryan M. Wong, who performed the

* Section 2.2 was adapted from Ref. 12: Debnath, S.; Boyle, C. J.; Zhou, D.; Wong, Bryan M.; Kittilstved, K. R.; Venkataraman, D.,
Persistent radical anion polymers based on naphthalenediimide and a vinylene spacer. RSC Adv. 2018, 8 (27), 14760-14764.
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DFT calculations, and Dr. Lawrence Renna, who suggested and fabricated the home-built
two-terminal Au electrodes used in these studies.

2.2 Persistent Radical Anion Polymers Based on Naphthalenediimide and a
Vinylene Spacer
Doped conjugated polymers with excess electronic charge carriers are essential
for many organic electronic applications such as organic thermoelectrics that require
enhanced electrical conductivity. Applications for organic electronics require either pdoped (doping with positive charge carriers, holes) or n-doped (doping with negative
charge carriers, electrons) polymers or both. Many conjugated polymers can be p-doped
with ease using chemical or electrochemical methods. Several of these polymers retain
their p-doping at ambient conditions making it easier to incorporate them into devices.
On the other hand, obtaining stable n-doping in conjugated polymers is a challenge
because many conjugated polymers have a low electron affinity. Thus, chemical n-doping
requires very reactive dopants, and the doped polymers can easily de-dope by transferring
the electrons to other molecules such as oxygen. Therefore, examples of extrinsically ndoped polymers8, 13-16 are sparse and often require doping under dry nitrogen or argon.
Recently, Katz and co-workers17 reported an n-doped polymer that they claimed to be the
first demonstrated example of an air-stable n-doped polymer. This section focuses on a
different class of naphthalenediimide-based polymers that can be n-doped under ambient
conditions. The important role of side chains in tuning and enhancing the air-stability of
the doped polymers is also demonstrated.
The DV Group has previously reported a straightforward route to electrontransporting polymers from readily available electron accepting monomers and vinylene
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spacers.10 Using this route, and monomers containing naphthalene diimide (NDI) units,
we designed two new naphthalene diimide-vinylene (NDIV) copolymers. We chose to
incorporate vinylene spacers instead of electron-rich donor units since vinylene groups
impose planarity of the conjugated polymer while maintaining a high electron affinity.
We chose to utilize two NDI monomers, one with alkyl hydrocarbon side chains on both
imide nitrogens [N,N′-bis(n-dodecyl)-2,6-dibromo-1,4,5,8-naphthenedicarboximide
(DNDI)] and the other with an alkyl fluorocarbon on one imide nitrogen and an alkyl
hydrocarbon chain on the other imide nitrogen [N-(2,2,3,3,4,4,4-heptafluorobutyl)-N′octadecyl-2,6-dibromo-1,4,5,8-naphthenedicarboximide (FNDI)]. We chose naphthalene
diimide because it has been shown to form stable radical anions.18-20 Based on the work
by Katz and co-workers,21 we hypothesized that the fluorocarbon sidechain will lower the
lowest unoccupied molecular orbitals (LUMO), increase the electron affinity, and thus
chemical stability of the n-doped polymer. To shed additional insight into the electronic
properties of these systems, we carried out first-principles density functional theory
(DFT) calculations on a series of oligomers ranging from 1 to 6 monomer units for both
the FNDI and DNDI systems. Both the electron affinity and the spin density (see Figure
2) were computed at the ωB97XD/6-31g(d,p) level of theory,22 which has been
previously benchmarked for a variety of charged, conjugated organic systems.23-24 Based
on our DFT calculations, we found that oligomers with FNDI had an electron affinity that
was 0.2 eV higher than oligomers with DNDI.
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(a)

(b)

(c)

Figure 2: (a) DFT calculated electron affinity of DNDIV and FNDIV oligomers
modelled with increasing naphthalene diimide units. (b) Optimized geometry and
molecular orbital spin density difference plots including positive spin density (green
orbital) and negative spin density (blue orbital) for the 5-mer of [FNDIV]•− and (c)
[DNDIV]•−.
The polymers, poly[N,N′-bis(n-dodecyl)-1,4,5,8-naphthalenedicarboximide-2,6diylvinylene] (PDNDIV) and poly[N-(2,2,3,3,4,4,4-heptafluorobutyl)-N′-octadecyl1,4,5,8-naphthalenedicarboximide-2,6-diylvinylene] (PFNDIV) were synthesized using
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previously reported methods (see Figure 3).10, 25 The polymers were doped by chemical
reduction using either tetrabutylammonium cyanide (TBACN)26-28 or
tetrakis(dimethylamino)ethylene (TDAE).16, 29 Consistent with our hypothesis, we found
that the incorporation of a fluorinated side chain in PFNDIV increased the electron
affinity, as indicated by its decreased LUMO energy level (−4.27 eV), estimated from
electrochemical measurements. Each polymer showed well-defined spectroscopic
changes after gradual addition of either dopant due to the formation of radical anions,
which were confirmed by EPR. Both of the doped polymers exhibit signatures of the
radical anion for several days in THF under ambient conditions.

2.2.1 Synthesis and Characterization of Naphthalenediimide Vinylene Copolymers
The synthetic scheme for DNDI, FNDI, PDNDIV, and PFNDIV are shown in
Figure 3 and the experimental procedures are described in Appendix A, the Experimental
Section. The molecular weights of the polymers were measured by high temperature gel
permeation chromatography (GPC) using 135 °C 1,2,4-trichlorobenzene as the mobile
phase and summarized in Table 1.
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Figure 3: Scheme of the synthesis of PDNDIV and PFNDIV by Stille reaction.
Table 1: Molecular mass distribution of the polymers
Polymer

Mn (g/mol)

Mw (g/mol)

Đ

PDNDIV 10,622

18,836

1.77

PFNDIV

15,927

1.91

8,304

The thermal stability of PDNDIV and PFNDIV was determined by using
thermogravimetric analysis (TGA) with a heating rate of 10 °C min−1 under nitrogen
atmosphere (see Figure 4a). TGA curves showed that the decomposition temperatures
(Td, at which 5% weight loss occurred) for PDNDIV and PFNDIV were found to be 239
and 279 °C, suggesting sufficient thermal stability of the polymers. Differential scanning
calorimetry (DSC, see Figure 4b and 4c) and powder X-ray diffraction patterns (see
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Figure 5) of the polymers did not show any distinguishing peaks, which indicates that the
solid-state structure of the polymers are amorphous.

Figure 4: (a) TGA thermograms of PDNDIV and PFNDIV (b) DSC plots of
PDNDIV, (c) DSC plots of PFNDIV at heating rate of 10 °C min−1 under a N2
atmosphere.
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PDNDIV
PFNDIV

Figure 5: XRD patterns of PDNDIV and PFNDIV at ambient temperature.
2.2.2 Optoelectronic Properties of Naphthalenediimide Vinylene Copolymers
The UV-Vis absorption spectra of each polymer in dilute chloroform solution
(10−5 M on the basis of repeating units) and of thin films on glass substrates coated with
indium tin oxide (ITO) is shown in Figure 6a. Both polymers showed two distinctive
absorption bands, one in the blue region from 300–400 nm and the other in the red region
450–650 nm. We attribute these absorption to π–π* transitions of the NDI chromophore
and electronic transitions between new delocalized bands in the polymer
backbone,30 respectively (Table 2). A distinct broadening and red shift of the low energy
transitions by 10–20 nm is observed in the polymer films, which indicates chromophore
aggregation caused by interactions between the chains in the solid-state.31 The optical
band gaps (Eg) obtained from the Tauc plot (see Figure 6a inset) are 2.11 eV
for PDNDIV and 2.04 eV for PFNDIV. The reduced Eg value of PFNDIV compared to
that of PDNDIV was attributed to the presence of the electron-withdrawing fluorinated
side chain, which can lower the LUMO energy level through inductive effects.21
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Table 2: Optical and electrochemical properties of the polymers
λmax Film
(nm)

Ereduction aEHOMO
(eV)
(eV)

b

ELUMO
(eV)

c

PDNDIV 322, 500

330, 509

−0.392

−6.07

−4.09

1.98

PFNDIV

338, 524

−0.208

−6.16

−4.27

1.89

Polymer

λmax Solution
(nm)

325, 506

Eg
(eV)

𝐸HIJK = −4.8 𝑒𝑉 − 𝐸RASTUVWXY − 0.32 𝑒𝑉

1

𝐸]KJK = 𝐸HIJK − 𝐸^

2

Figure 6: (a) UV-Vis spectra of the polymers in 10−5 M chloroform solution and as
thin films on ITO coated glass. The Tauc plot of the film spectra, assuming r = 1/2
for a direct allowed transition, including the dashed trace used to determine the
bandgap is inset. (b) Cyclic voltammograms of the polymer film dropcast onto a Pt
disk (1.6 mm diameter) electrode as the working electrode, using Pt wire as the
counter electrode, Ag/AgCl as the reference electrode, and 0.1 M
tetrabutylammonium perchlorate as the supporting electrolyte at a scan rate of 50
mV s−1, reduction only scans.
Cyclic voltammograms (CV) of the polymer films are shown in Figure 6b. There
were multiple reduction onsets in the CV, indicating that polymers can be consecutively
reduced by up to 4 electrons in acetonitrile. LUMO energies of both the polymers were
calculated from their first onset reduction potentials (see Equation 1) as −4.09 eV
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for PDNDIV and −4.27 eV for PFNDIV. The HOMO energy levels were estimated by
subtracting the Eg from the above CV-determined LUMO energy levels and were found
to be −6.20 eV for PDNDIV and −6.31 eV for PFNDIV (see Equation 2). CV data
showed that both polymers are positioned at low-lying LUMO levels and the electron
withdrawing N-substituents impart a significant impact on PFNDIV's superior π-acidity,
which is evident from additional diminution in reduction potential.

Figure 7: Synthesis of [PDNDIV]•− and [PFNDIV]•− under ambient condition in
THF using TBACN or TDAE.
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2.2.3 Characterization and Stability Study of Radical Anion Naphthalenediimide
Vinylene Copolymers
The polymers were doped using TDAE, a neutral electron donor, or TBACN, an
anionic electron donor, under ambient conditions (see Figure 7). TDAE26-28 and
TBACN16, 29 have been used as electron donors for rylenediimides, and their proposed
mechanism of doping is a single electron transfer. In the UV-Vis-NIR spectra, we found
that the continuous addition of 0–1.4 equivalents (with respect to the polymer's repeating
units) of TBACN with PFNDIV, progressively bleached the neutral polymer absorption
band (450–650 nm) and simultaneously produced a new absorption band at 750 nm, with
an isosbestic point near 600 nm (see Figure 8). A similar behavior was observed
for PDNDIV, but with larger numbers of equivalents (0–10) of TBACN (see Figure 8)
required to produce similar spectral changes.

Figure 8: Ratio of doped to undoped repeating units, estimated by UV-Vis-NIR
spectroscopic changes, for PDNDIV and PFNDIV in THF with increasing molar
equivalents of TBACN; insets are the UV-Vis-NIR spectra for PFNDIV (left) and
PDNDIV (right).
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The formation of a weaker absorption band at ∼750 nm suggests the formation of
the radical anion polymers [PDNDIV]•− and [PFNDIV]•− (Figure 8), which was also
confirmed by EPR spectroscopy (vide infra). The addition of TDAE also resulted in an
instantaneous color change of the polymer solution (see inset Figure 9), which is
consistent with an n-doped polymer. TDAE-doped radical anion polymers were also
characterized by UV-Vis-NIR absorption (Figure 9) and EPR spectroscopy (Figure 10).

Figure 9: UV‒Vis‒NIR spectroscopic changes of PFNDIV in THF with TDAE
dopant, inset TDAE induced colorimetry.
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(b)

(a)
P-(F)NDIV +

CN−

P-(D)NDIV
PDNDIV
P-(F)NDIV
PFNDIV
TBACN
TBACN

P-(D)NDIV+TDAE
PDNDIV
+ TDAE
PFNDIV
+ TDAE
P-(F)NDIV+TDAE

Figure 10: (a) Control EPR spectra of PDNDIV, PFNDIV and TBACN, in THF. (b)
EPR spectrum of [PDNDIV]•− and [PFNDIV]•− in THF (TDAE induced).
EPR spectroscopy was used to probe the formation of a radical anion and monitor
the relative stability of the radical under ambient conditions over time. The EPR spectra
of the polymers after addition of TBACN are shown in Figure 11. Both PDNDIV and
PFNDIV display a single, narrow resonance at g = 2.0035 upon mixing with TBACN,
which indicates the formation of [PDNDIV]•− and [PFNDIV]•− radical anions. The
absence of any hyperfine splitting indicates that the spin density of the radical anion is
localized on the carbon of the aromatic ring. DFT calculations performed with the
ωB97XD/6-31g(d,p) basis verify the nature of the SOMO as shown in the difference
plots of the molecular orbital spin density (Figure 2). Both polymer radical anions are
persistent as THF solutions stored in air, but the radical signal of [PFNDIV]•− is more
stable with an apparent half-life on the order of one week (Figure 11b), comparable to the
stability of the recently reported n-type polymer, ClBDPPV.17 The decay of the radical
EPR signal is tentatively assigned to quenching by triplet oxygen. The difference in
radical stabilities could possibly originate from variation in the reduction potentials of the
LUMOs of [PDNDIV]•− and [PFNDIV]•−, with the more negative LUMO on PFNDIV.
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Interestingly, the EPR spectrum of the as-prepared PFNDIV displays the same radical
signal and suggests PFNDIV can be partially doped under ambient conditions
while PDNDIV displays no signal (Figure 10a).

Figure 11: Room-temperature X-band EPR spectra of (a) 2 mM (repeating units)
PDNDIV with 10 mM TBACN and (b) 2 mM PFNDIV with 2 mM TBACN in THF
yielding [PDNDIV]•− and [PFNDIV]•−, respectively. The 7 day point for
PDNDIV]•− is omitted and unreliable due to polymer precipitation.
We then studied the impact of the concentration of TBACN on the intensity of the
EPR signal (see Figure 12). For PDNDIV we found that 1 equivalent of TBACN with
respect to polymer repeating units was insufficient to dope the polymer. At higher
concentrations, we observed an EPR signal, which indicated the formation of the radical
anion. The intensity of the signal increased steadily with increasing concentration of the
dopant. This observation is consistent with the presence of an equilibrium, with a slight
preference for the reactants. This is consistent with the expected LUMO energy levels of
PDNDIV and the cyanide anion of TBACN. In the case of PFNDIV, we found a steady
increase in the EPR signal up to 1 equivalent of the TBACN. Further increase of the
cyanide concentration led to a decrease in the EPR signal. From CV studies, we know
that the polymer can accept up to four electrons. Therefore, we tentatively attribute this
21

decrease in [PFNDIV]•− EPR signal with increasing TBACN concentration to the
formation of an EPR-silent singlet or triplet [PFNDIV]2− species.

Figure 12: Room-temperature X-band EPR spectra of (a) PDNDIV (2 mM) and (b)
PFNDIV (0.5 mM) after mixing with increasing concentration of TBACN in THF.
(c) Normalized EPR intensity of PFNDIV (0.5 mM) with increasing concentration of
TBACN in THF.
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2.2.4 Conductivity of Radical Anion Naphthalenediimide Vinylene Copolymers
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Figure 13: I-V curves of [PDNDIV]•− and [PFNDIV]•− doped using TBACN.
To investigate the solid-state conductivity of these radical anion polymers under
ambient conditions, we fabricated two-terminal devices using vacuum depositing Au
electrodes (see Figure 13 inset) using neutral or doped PDNDIV or PFNDIV acting as the
active layer. Either the neutral (see Figure 14) or doped (see Figure 13) polymers were
drop-cast from THF on the fabricated channels, and current (I)–voltage (V) measurements
were carried out under ambient conditions. To ensure that only the electronic
contribution, and no ionic contribution, to the conductivity was considered, the sample
was poled at a constant voltage to ensure the decay of any ionic current (see Figure 15
and Figure 16) and only the final 2.5 seconds of current measured was used for the I-V
plot.
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Figure 14: I-V curves of PDNDIV (a) and PFNDIV (b) in absence of any dopant.

Figure 15: Current response of [PDNDIV]•− to a constant applied voltage over time.

24

Figure 16: Current response of [PFNDIV]•− to a constant applied voltage over time.
The conductivity of each doped polymer (see Table 3) was at least an order of
magnitude greater than the conductivity of the neutral polymers. While these
conductivities are lower than those of other reported n-doped conjugated polymers and
are too low for practical applications, the drastic increase in conductivity upon doping
and the air stability of the doped polymers suggests that these and similar NDI-vinylene
polymers may find potential use as n-type organic electronic materials. The low
conductivities may be due, in part, to the amorphous nature of these polymers in the solid
state.
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Table 3: Conductance, Conductivity, and Film Thickness of PDNDIV and PFNDIV
in Presence of TBACN.
Polymer

Equivalents
of TBACN

Conductance Conductivity Thickness
(S)
(S cm−1)
(µm)

PDNDIV 0.0

1.64 ´ 10−9

3.49 ´ 10−8

15.5

PDNDIV 4.0

9.01 ´ 10−9

6.98 ´ 10−7

4.26

PFNDIV

0.0

2.76 ´ 10−10

2.61 ´ 10−8

3.48

PFNDIV

1.0

1.22 ´ 10−8

3.28 ´ 10−7

12.2

In summary, two new NDI-vinylene based electron acceptor polymers have been
successfully synthesized. Due to the low-lying LUMOs (−4.09 and −4.27 eV) both the
polymers behave as strong π-acids. The electron-withdrawing effect of the fluorinated
side chain reduces the LUMO level of PFNDIV significantly. Multistep reduction
potentials indicate the presence of several electron accepting sites in the polymer
backbone. Chemical reduction from electron donors to the polymer generates persistent
radical anion polymers with ambient stability. Time-dependent EPR spectroscopy
showed the stability of the radical anions exists beyond several days. Finally,
conductivity measurements showed the positive impact of chemical doping on the
polymer's electrical conductivity, making these materials promising for organic electronic
applications.

2.3 Persistent Radical Anion Polymers Based on Perylenediimide and a Vinylene
Spacer
Perylenediimide-based semiconductors have low-lying LUMO levels,
comparable32 to those of naphthalenediimide-based semiconductors with similar alkyl
chains and bay-substituents, and have been chemically doped to achieve persistent
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dianions or radical anions in small molecules26, 28, 33-34 and polymers35. We chose to
prepare a perylenediimide polymer with a vinylene spacer using the same strategy as our
previous work in order to study its electron accepting capability and conductivity under
ambient conditions. Due to the notoriously poor solubility of perylenediimide compounds
and our desire to characterize and dope the polymer in solution state, we elected to
synthesize a polymer with branched side chains, regiorandom regiochemistry of the
repeating units, and a relatively low number of repeating units to maximize solubility.
The synthesis of the polymer, poly[N,N′-bis(1-hexylheptyl)-3,4,9,10-perylenediimide1,7/1,6-diylvinylene] (PDIV), is outlined in Figure 17 and the Experimental Procedures
are described in Appendix A, in the Experimental Section. An isomeric mixture of
approximately 1:4 of 1,6- to 1,7- dibromo- monomers was used for the polymerization,
resulting in a regiorandom polymer. The Mn and Đ of the polymer, determined by high
temperature GPC using 135 °C 1,2,4-trichlorobenzene as the mobile phase, was 3,887
g/mol and 1.67, respectively. The same polymer was recently synthesized elsewhere36 (at
a higher Mn and Đ due to increased monomer concentration, alternative Stille coupling
catalyst, and increased reaction time) and used as an acceptor in efficient, all polymer
solar cells.
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Figure 17: Scheme of the Stille coupling polymerization of PDIV. For the sake of
simplicity, the structure of the of the 1,6- repeating units is omitted and only the 1,7is shown in PDIV.
2.3.1 Optoelectronic Properties of Perylenediimide Vinylene Copolymers
The UV-Vis-NIR spectrum of a dilute THF solution of PDIV is shown in Figure
18a. PDIV has multiple, broad absorbance bands with lmax appearing at 525 nm and 465
nm (a third peak which was used as the basis for normalization also appears at 240 nm,
and is omitted from the range of Figure 18a for clarity). The Eg of the lowest energy
transition obtained from the Tauc plot is 1.89 eV (see Figure 18a inset).
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Figure 18: (a) UV-Vis-NIR spectrum of PDIV in THF solution. The Tauc plot,
assuming r = ½ for a direct allowed transaction, including the dashed trace used to
determine the bandgap, inset. (b) Cyclic voltammogram of a PDIV film dropcast
onto a Pt disk (1.6 mm diameter) electrode as the working electrode, using Pt wire
as the counter electrode, Ag/AgCl as the reference electrode, and 0.1 M
tetrabutylammonium perchlorate as the supporting electrolyte at a scan rate of 50
mV s−1.
The cyclic voltammogram of a PDIV film reveals a reversible reduction at an E1/2
of -763 mV vs. Ag/AgCl (first scan). The LUMO of PDIV calculated from this reduction
potential from Equation 1 is -3.72 eV, and the HOMO calculated from Equation 2 is 5.60 eV. The appearance of many overlapping absorbance bands in the UV-Vis-NIR
spectrum, the marginally increased Eg compared to PDIV in the literature (1.74 eV), and
the marginally increased LUMO compared to PDIV in the literature (-4.03 eV) altogether
indicate that the PDIV we synthesized has a distribution of repeating unit lengths that is
predominantly below the effective conjugation length.37-38 This is consistent with the
estimated number average repeating unit length of ~5 repeating units, obtained by
dividing the GPC Mn (3,887 g/mol) by the repeating unit molecular weight (779.06
g/mol).
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2.3.2 Characterization and Stability Study of Radical Anion Perylenediimide
Vinylene Copolymers
When PDIV is mixed with TBACN in THF under ambient conditions, it responds
with bleaching of its 525 nm and 465 nm UV-Vis absorbance bands and displays a new
NIR absorbance band with lmax at 780 nm, which we attribute to the formation of the
radical anion [PDIV]•− (see Figure 19). We verified the formation of the radical anion by
EPR spectroscopy (see Figure 20). The solution of PDIV in THF with no TBACN has no
EPR signal, confirming that the EPR signals from solutions of PDIV and TBACN in
THF are from the radical anion resulting from electron transfer from TBACN to PDIV.
Although the overall trend in EPR spectroscopic intensity versus concentration TBACN
mixed with PDIV is increasing, the 4 mM TBACN does not follow this trend. The EPR
signal persists for at least 6 days after doping, as shown in Figure 21, confirming the
radical anion on the polymer persists in THF solution under ambient conditions.

Figure 19: UV-Vis-NIR spectroscopic response of PDIV in THF solution to
increasing stoichiometric equivalents of TBACN dopant. (a) Ratio of A780 nm/A525 nm
intensities and (b) UV-Vis-NIR spectra of PDIV mixed with dopant from 0 to 2
molar equivalents (with respect to PDIV repeating units), with a colorimetric
comparison of 0 and 1 equivalent inset.
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Figure 20: Room temperature X-band EPR spectra of 1 mM PDIV after mixing
with increasing concentration of TBACN in THF.
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Figure 21: Room temperature X-band EPR spectra of 1 mM PDIV after mixing
with 4 mM TBACN in THF under ambient conditions, over time.

2.3.3 Conductivity of Radical Anion Perylenediimide Vinylene Copolymers
A film of doped PDIV was prepared on a two-terminal Au electrode device. PDIV
was doped in THF solution using 4 molar equivalents of TBACN and then dropcast onto
the device. I-V characterization was carried out by poling the device at a constant voltage
for an extended time to ensure the decay of the ionic component of the conductivity (see
Figure 22). The rapid and decay of the current to less than half its initial magnitude, at
each of the applied voltages, suggests the ionic conductivity of PDIV doped with
TBACN is significant relative to its electrical conductivity. The electrical conductivity
determined from the I-V curve, using only the final 30 sampled currents at each voltage
(see Figure 23a), and the device dimensions (length = 165 µm, width = 5 mm, thickness
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= 8.93 µm) was 8.50 ´ 10-5 S cm-1. A film of undoped PDIV was also prepared and
characterized the same way, and had a conductivity of ~0 S/cm (see Figure 23b).

Figure 22: Current response of [PDIV]•− to a constant applied voltage over time.

Figure 23: I-V curves of (a) doped PDIV and (b) undoped PDIV.
In summary, the polymer PDIV can be doped under ambient conditions to form
an electrically conductive persistent radical anion polymer. The polymers prepared in this
work and other rylenediimide-vinylene alternating copolymers that could be prepared
using our strategy are promising for applications that require materials that are n-doped to
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achieve a high carrier concentration under ambient conditions, such as n-type
thermoelectric materials.8, 13, 16, 39 The mixed ionic and electronic conductivity of these
polymers are also beneficial for materials that require simultaneous electronic and ionic
transport, such as n-type organic field effect transistors for complementary logic
circuits40-41 and mersisters.42-43
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CHAPTER 3
THERMOELECTRIC PROPERTIES OF PBTDV2/CARBON NANOTUBE
BLENDS

3.1 Introduction and Overview
In this chapter, I summarize the thermoelectric properties of blends of the
polymer PBTDV2 (see Figure 24 for the structure of PBTDV2) with single-walled
carbon nanotubes (SWNTs). The motivation for this work was to determine the effect of
SWNT content on the s and a of conjugated polymers prepared by the DV group and to
determine whether the transport was n-type or p-type based on the sign of the a.
Blending carbon nanotubes with conjugated polymers is an established strategy for
improving the thermoelectric properties conjugated polymer and small molecule
semiconductors by increasing their s.44-53 Conjugated polymer blends with SWNT with a
narrow diameter (~0.7-1.4 nm) typically have superior thermoelectric properties than
blends with SWNT with a relatively wider diameter and multi-walled carbon nanotubes
due their greater conductivity and Seebeck coefficient.44, 52 Although SWNTs are
intrinsically n-type semiconductors,54 the position of their EF relative to the DOS and
thus their type of transport (n-type or p-type) is extremely sensitive to factors such as the
presence of oxygen gas,55 ionic additives,49, 56 conjugated molecular dopants,46, 57 or
amine functional groups in their environment.58 Blends of conjugated polymer or small
molecule semiconductors with SWNTs can therefore be used to prepare n-type or p-type
thermoelectric materials.
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Figure 24: The chemical structure of PBTDV2.
The DV group has previously reported that PBTDV2 is capable of electron
transport, having a low-lying LUMO level of -3.45 eV and an electron mobility on the
order of 1.3 ´ 10-3 cm2 V-1 s-1. PBTDV2 is also easily electrochemically oxidized, having
a HOMO level of -5.24 eV, suggesting it may be capable of ambipolar transport. Using
the sign of the a, we determined that blends containing 10-50% SWNT in PBTDV2,
measured in atmosphere, are p-type rather than n-type semiconductors. We also pursued
the same strategy for the polymer PDIV to experimentally determine whether its blends
with SWNT would exhibit p-type or n-type transport, but found that PDIV was unable to
stabilize dispersions of SWNTs and films prepared from blends of PDIV with SWNT
were cracked and not electrically conductive across the centimeter length scale. I
acknowledge Dr. Timothy Gehan, who synthesized PBTDV2. I also acknowledge Dr.
Murat Tonga and Prof. Paul Lahti, who provided and explained the use of the
thermoelectric measurement apparatus, which I used consistently in the research projects
described in the remaining chapters of this dissertation.
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3.2 Preparation and Thermoelectric Properties of PBTDV2/SWNT Blends
SWNTs form bundles through strong inter-tube interactions and are intractable in
common solvents. To achieve solution-processable blends of SWNTs, SWNTs can be
sonicated in an organic solvent containing a polymer additive. Certain polymers can
adhere to the SWNTs and stabilize dispersions of SWNTs in common solvents.
Conjugated polymers are thought to interact with SWNT through p- p interactions and
stabilized SWNT dispersions by wrapping around the SWNT tubes is organic solvents.44
To attain dispersions of SWNT stabilized by PBTDV2 with a weight percent of SWNT
ranging 10-50%, 5 mg/mL SWNT was mixed with o-DCB under pulsed probe sonication
for 72 minutes, the amount of 5 mg/mL PBTDV2 in chloroform necessary to obtain the
desired weight percentage was immediately added to this, and then the mixture was
sonicated for an additional 12 minutes of pulsed probe sonication. Pulses were set to 5
seconds of sonication time followed by 1 second pauses. Flexible films were prepared
from these dispersions by dropcasting 0.3 mL of the dispersion onto PTFE tape substrates
placed within custom made PTFE wells, and a film of pure PBTDV2 (0% SWNT) was
prepared by dropcasting 0.3 mL of 5 mg/mL PBTDV2 in chloroform (see Figure 25). The
films were allowed to dry under ambient conditions for 48 h and then under vacuum for
24 h. Since the flexibility and uneven nature of each film precluded the use of
profilimetry to measure the film thickness, the thickness was instead calculated (6.9 µm
for each film) using the estimated volume of material dropcast (assuming a density of 1
g/cm3), the measured length (2.7 cm), and the measured width (0.8 cm).
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Figure 25: Flexible films of PBTDV2 blended with (a) 0%, (b) 10%, (c) 20%, (d)
30%, (e) 40%, and (f) 50% SWNT.

3.2.1 Thermoelectric Properties of Undoped PBTDV2/SWNT Blends

s was determined using a 4-probe technique. a was determined by measuring the
thermovoltage at a series of applied temperature gradients and determining slope. The
details of the apparatus used to measure s and a are provided in Appendix A. The sample
of PBTDV2 with 0% SWNT had visible cracks and did not form a continuous film across
the length of the substrate, thus its in-plane conductivity and Seebeck coefficient could
not be determined.
The percolation of SWNT through conjugated polymer blends determines the
bulk conductivity of the blend, s, based on the relation: 𝜎 = 𝜎_`a% 𝜌 − 𝜌∗ V .44, 59-60 The
fitting coefficient sSWNT represents the theoretical conductivity of pure SWNT, r is the
weight fraction of SWNT in the blend, r* is the percolation threshold of SWNT, and t is a
critical exponent that describes the dimensionality of the network of SWNT. 2D networks
are defined by have a t = 4/3, while 3D networks have a t = 2. For samples containing 1050% SWNT in PBTDV2, the best fit of the s vs r trend (see Figure 26a) for t was 1.16,
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suggesting the possibility of a 2D network of SWNT driven by a preference for in-plane
alignment of SWNT. It is important to note, however, that the empirically fitted t from
experimental samples can deviate from its expected value for 2D or 3D networks,44, 60
and thus the empirical fit of t = 1.16 does not rule out the possibility of a 3D network in
these samples. The r* and sSWNT of this fit were 1.61% and 384 S/cm, respectively,
which is comparable to the r* and sSWNT for SWNT blends with P3HT.44 s follows the
relation ln 𝜎 ∝ 𝜌;?/h (see Figure 26b), which is consistent with charge transport limited
by tunnel junctions of PBTDV2 matrix between SWNT intertube gaps.44, 59-60

Figure 26: (a) Conductivity of SWNT:PBTDV2 blends as a function of r (black
circles) and the fit to the model of percolation of SWNT filler in a matrix of
PBTDV2 (solid black line), (b) the natural logarithm of conductivity dependence on
r-1/3 (blue squares) and the linear fit of this relation (dashed blue line), (c) the
Seebeck coefficient.
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The a of the blends of 10-50% SWNT in PBTDV2 was 32.9-35.8 µV K-1 (see
Figure 26c), with no clear dependence on r, which is consistent with the a of SWNT and
the a of conjugated polymer SWNT blends where r ≫ r*.44 The positive sign of a
indicates that holes are the charge carrier. Given the consistency of the a and steady
increase in s upon increasing r, the thermoelectric power factor increases with increasing

r (see Figure 26d).

3.2.2 Thermoelectric Properties of Doped 50% SWNT in PBTDV2
Since the charge carrier in each blend in the 10-50% SWNT range was
determined to be holes based on the positive a, chemical oxidation was expected to
decrease a, increase s, and potentially improve the thermoelectric power factor. Of all
the undoped samples, 50% SWNT had the greatest thermoelectric power factor of 17.7
µW m-1 K-2. This sample was doped by chemical oxidation with iodine vapor to
determine the effect of doping on its thermoelectric performance (see Figure 27). After
measuring the a and s of the undoped sample, the same sample was doped with iodine
vapor by sealing it in a vial containing ~50 mg of iodine crystals for 24 h before
measuring a and s again. a decreased from 32.9 to 24.7 µV K-1, s increased from 163.4
to 486.6 S cm-1, and the overall power factor increased from 17.7 to 29.6 µW m-1 K-2.
Although the thermoelectric power factor improved, it is still significantly lower than the
highest thermoelectric power factors reported for SWNT blends with conjugated
polymers, such as the recently reported p-type and n-type power factors of ~700 µW m-1
K-2 for blends of SWNT with the conjugated polymer poly[(9,9-di-n-dodecyl-2,7fluorendiyl-dimethine)-(1,4-phenylene-dinitrilomethine)].61
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Figure 27: The (a) a, (b) s, and (c) power factor of 50% SWNT in PBTDV2 before
and after doping with iodine vapor.

3.2.3 Conclusion of Thermoelectric Properties PBTDV2:SWNT Blends
Undoped blends of SWNT with PBTDV2 were found to be p-type thermoelectric
materials with a and s magnitudes and SWNT concentration dependencies that are
remarkably similar to those of SWNT blends with P3HT from the literature. The power
factor of 50% SWNT in PBTDV2 improved upon doping with iodine vapor, but is still
lower than the highest power factors obtained for blends of SWNT with conjugated
polymers. Since none of the blends of SWNT with PBTDV2 prepared in this work were
inherently n-type thermoelectric materials and since PDIV was unable to disperse SWNT
to form solution-processable, homogeneous blends that could be studied, I decided to
shift the focus my research to understanding the impact of doping on the thermoelectric
properties, as described in the remaining chapters of this dissertation.
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CHAPTER 4
SPATIAL HETEROGENEITY OF DOPANTS IMPACTS THE
THERMOELECTRIC CHARGE TRANSPORT PROPERTIES

4.1 Overview
In this chapter,† I describe our measurements and modeling of the thermoelectric
properties of P3HT and PDPP4T doped with iodine vapor as they spontaneously
dedope.62 This work was motivated by the recent charge transport model reported by
Kang and Snyder, which requires s and a across many orders of magnitude of s for
fitting. The idea of spontaneously doping polymer films was inspired by the findings
reported in Murat Tonga’s Ph.D. dissertation, that films of blends of conjugated polymers
with carbon nanotubes doped with iodine vapor spontaneously dedope, resulting in a
decrease in their n. I decided that this phenomenon could be exploited to achieve the
desired range of s and a by taking automated measurements as the sample spontaneously
de-dopes.
I acknowledge Dr. Feng Liu and Prof. Thomas P. Russell for synthesizing
PDPP4T, Dr. Ljiljana Korugic-Karasz for discussions on charge transport in
semicrystalline polymers, Stephen Dongming Kang and Dr. G. Jeffrey Snyder for
providing their transport model fitting MatLAB code, Dr. Lawrence Renna for his
insights and modifications to the code, and Dr. Peijian Wang and Prof. Mike Barnes for
characterizing the KPFM and PL microscopy. I gratefully acknowledge Meenakshi
† This chapter is reproduced with slight modifications from Ref. 62, our manuscript in preparation, Boyle, C. J.; Upadhyaya, M.;
Wang, P.; Renna, L. A.; Korugic-Karasz, L.; Barnes, M. D.; Aksamija, Z.; Venkataraman, D., Spatial Heterogeneity of Dopants
Impacts the Thermoelectric Charge Transport Properties.
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Upadhyaya and Zlatan Aksamija, who conceived and implemented the charge transport
simulations and DOS calculations which were fundamental to our understanding that the
spatial distribution of dopants is responsible for modifying the DOS and thermoelectric
properties.

4.2 Introduction
Semiconducting properties of conjugated polymers enable the development of
electronic applications such as organic light-emitting diodes,63-65 organic photovoltaics,6668

and organic thermoelectrics.69-71 These applications are now poised to restructure our

sustainable energy technologies portfolio as they offer distinct advantages over existing
technologies. Organic electronic devices are lightweight, flexible, and are fabricated
using solution-based processing methods. Charge transport in conjugated polymers is
central to their performance. Therefore, understanding factors that affect the charge
transport in these materials is necessary to improve their performance. A significant
challenge to improving our understanding of this charge transport is that, unlike inorganic
semiconductors, conjugated polymers do not adopt long-range ordered crystalline
structures.
In charge transport, conductivity, 𝜎, is dictated by the expression: 𝜎 = 𝑛𝑞𝜇,
where n is nunumber of charge carriers, q is the carrier charge, and 𝜇 is the charge carrier
mobility. Determining the charge carrier mobility and its dependence on temperature,
field, or carrier concentration in conjugated polymers has led to considerable progress in
understanding their charge transport.72-78 However, this methodology becomes
complicated by the difficulty in determining the carrier concentration with certainty and
discrepancies in the reported mobilities for a given material.79-81 The discrepencies in the
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reported mobilities arise from differences in device architecture and the measurement
technique. Furthermore, measured mobilities are the direct result of a carriers’ drift
velocity, 𝑣S , at an applied field, E , given by the realtion: 𝑣S = 𝜇𝐄. Thus, mobility
measurements cannot be used to determine the energy carried per unit carrier or
information about the density of states (DOS) that are model and calculation independent.
An effective method to overcome these challenges is to measure both the
conductivity and the Seebeck coefficient, a, across a broad range of carrier
concentrations. The Seebeck coefficient is the voltage response to an applied temperature
gradient, given by the equation: 𝛼 =

∆$
∆%

. This methodology takes advantage of the fact

that a can be expressed, according to Fritzsche’s general equation,2 as 𝛼 =
78
9

:;:< ((:)
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(

𝑑𝐸 and 𝜎 as 𝜎 =

𝜎 𝐸 𝑑𝐸 = 𝑞 𝑔 𝐸 𝜇 𝐸 𝑓 𝐸 [1 − 𝑓 𝐸 ] 𝑑𝐸. In

these equations, EF is the chemical potential and a relative indicator of the level of
doping, g(E) is the DOS, µ(E) is the charge carrier mobility, and f(E) is the Fermi
distribution. This approach is more widely applicable than the simpler Mott formula82
𝛼=−

l*

7*%

m

h

9

m:

ln 𝜎 𝐸 |:o:< . Since these expressions are valid (neglecting

correlation effects) across all doping levels regardless of the conduction mechanism or
the semiconductor’s crystalline, semi-crystalline, or amorphous nature, they support
numerous mechanisms of conduction in disordered semiconductors,83-85 including
hopping models based the Miller-Abrahams86 and Marcus87 jump rates, that add to our
physical explanation of charge transport in conjugated polymers and provide structural
design criteria for improving their performance.
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Generally, both 𝛼 and 𝜎 depend on the carrier concentration 𝑛 = ∫ 𝑔 𝐸 𝑓 𝐸 𝑑𝐸
via the Fermi level but they have opposite trends—increasing 𝑛 fills more states and
boosts 𝜎 but decreases 𝛼. Thus, there is a narrow range of doping that optimizes the
thermoelectric power factor, 𝛼 p 𝜎, which typically occurs when 10-20% of the states are
occupied by a charge carrier. Thus, the shape of the DOS has an enormous impact on the
scale and the trend of a which is not yet fully understood. Snyder and Kang’s recent
charge transport model also employs these expressions, substituting for the term g(E)µ(E)
the empirical fitting transport function 𝜎: 𝐸, 𝑇 = 𝜎:r 𝑇

:;:s t
7%

which successfully fits

a diverse array of conjugated polymers and small molecules using a transport coefficient

sE , comparable to the mobility of the semiconductor, and a transport parameter s.88
0

Snyder and Kang state that the s parameter “could be understood as a different ‘type’ of
charge transport” and they speculated that a “search for cases with s = 1 could lead to
discovery of high-sE polymers”. Characterizing both a and s across a broad range of
0

doping levels enables a more complete explanation of charge transport that is not possible
from measurements of s or mobility alone. Thus far, the factors that determine the
transport parameter, s, in the Synder-Kang model are unclear.
We obtained a and s across a broad range of doping levels by making in situ
measurements of iodine doped conjugated polymers as they spontaneously de-dope,
capturing the trend of a and s using a single sample and without modulation doping. We
simulated carrier transport using a modified Gaussian disorder model and the Pauli
Master equation to explain how the shape of the DOS impacts the a and s trend. SPC
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mapping by KPFM verifies that differences in energetic disorder are related to
differences in dopant counterion distribution throughout the sample.
It is well-established that the carrier concentration – how much a semiconductor is
doped – is a key parameter in determining a semiconductor’s thermoelectric performance,
and even slight deviations from the optimal carrier concentration can cause a catastrophic
loss in thermoelectric performance. Herein, we demonstrate that the way the
semiconductor has been doped is fundamentally important to its thermoelectric
performance across all carrier concentrations. We show that the distribution of the
dopants in the conjugated polymer has a profound impact on the shape of the a vs. s
curve. We observe that a clustering of dopants in the polymer modifes the shape of the
DOS and alters the trend of a vs. s.

4.3 Results and Discussion
Measuring the s and a over a wide range of values requires a large range of
doping densities for a particular semiconductor. Chemical3, 15-16, 89-95 or electrochemical5
oxidation have been used to prepare organic semiconductors at many different doping
densities for such characterization, but this requires the preparation of many different
samples and the assumption that each sample has a nearly identical morphology.
Modulation doping using field-effect transistors96-97 has been used to measure the s and

a at many different, finely controlled doping densities, but the dipole distribution within
the dielectric layer can influence the DOS by shifting shallow energy states to a deeper
level,84, 98 and thus impacts the a vs. s trend in a way that traditional, chemically doped
thermoelectric devices would not be affected. Recently, modulation doping using
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electrochemical field-effect transistors has also been used to control the doping density of
thermoelectric materials.99-100 The manner in which ion infiltration into the conjugated
polymer during and after gating the electrochemical field-effect transistor impacts the
shape of the DOS currently remains unclear. The methodology we report herein uses
spontaneous dedoping of chemically doped conjugated polymers as a rapid and
convenient way to capture a vs. s across four orders of magnitude of s, using an
individual sample, and without gating across a dielectric or electrolytic layer.
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Figure 28: (a) P3HT and (b) PDPP4T are chemically doped in the presence of iodine
vapor, but are unstable and gradually dedope in the absence of iodine vapor.
Doping organic semiconductors with iodine vapor48, 101-106 is a well-established
strategy to increase the p-type carrier (hole) concentration, resulting in an increased s and
decreased a. Samples doped in this manner can spontaneously de-dope over time,
resulting in a gradual decrease in s and increase in a from their values in the initial
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doped state. We exploit this de-doping process to measure a as a function of s over a
four orders of magnitude s window. We doped films of poly(3-hexylthiophene) (P3HT)
and poly[2,5-bis(2-octyldodecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione-3,6-diyl)-alt(2,2’;5’,2’’;5’’,2’’-quaterthiophen-5,5’’’-diyl)] (PDPP4T) with iodine vapor (see Figure
28) to obtain highly doped p-type polymer films. Doping by iodine vapor was performed
by exposing the polymer films to iodine vapor (see the Experimental Section in Appendix
A for details) for 2 h at either 25 °C or 75 °C. We then measured, in situ, a and s as the
films spontaneously de-doped. In each sample, a increased and s decreased over time as
the film de-doped (see Figure 29), as is expected for organic semiconductors with
decreasing carrier concentration. Notably, a increased at a decreasing rate for each P3HT
sample while a increased at an increasing rate for each PDPP4T sample. a and s both
depend on the free carrier concentration, but this concentration is difficult to determine
with certainty because a percentage of carriers are bipolarons, which have no electron
paramagnetic resonance spectroscopy signal.107 Thus, plotting the a vs. s on the log-log
scale is preferable (see Figure 30). The shape of the a vs. s curve on the log-log plot
indicates the nature of charge transport of the material. For instance, in Kang and
Snyder’s model, a flatter and more gradual curve is indicative of a transport parameter of
s = 3, while a curve maintaining a greater a until a sudden, sharp drop-off at high s is
consistent with s = 1. Our simulations, vide infra, show that a flatter (i.e. s = 3) a vs. s
curve indicates a great energetic disorder and an exponential DOS, while a sharper a vs.

s curve indicates a narrow DOS.
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Figure 29: Conductivity (black, left axis) and Seebeck coefficient (blue, right axis)
for (a) P3HT doped at 25 °C, (b) P3HT doped at 75 °C, (c) PDPP4T doped at 25 °C,
and (d) PDPP4T doped at 75 °C. One of every five data points collected is plotted
along a dashed line as a visual guide.
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Figure 30: log-log plot of Seebeck coefficient vs. conductivity for P3HT doped at 25
°C (black circles), P3HT doped at 75 °C (red squares), PDPP4T doped at 25 °C
(blue up triangles), and PDPP4T doped at 75 °C (purple down triangles). One of
every five data points collected is plotted along with a dashed line as a visual guide.
Vertical error bars representing the standard error for the thermovoltage sampling
for a and horizontal error bars representing the root mean squared error for the IV curve for s for each marker would have the same size scale as the marker size,
and are thus omitted for clarity.

4.3.1 Gaussian Disorder Model of s and a
We calculated a and s by numerically solving the Pauli master equation (PME)
that describes phonon-assisted carrier hopping between localized sites (see the
Experimental Section in Appendix A for modeling details) whose energies were sampled
from the carrier DOS. We obtained a and s at various carrier densities by varying the
chemical potential EF further and closer to the center of the energy distribution,
analogous to doping. Previous studies have used a Gaussian distribution to describe the
DOS, where the width of the DOS accounts for the degree of energetic disorder in the
structure.108-111 However, we find that in such a model, varying the energetic or positional
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disorder simply shifts the a vs. s on the log-log plot, with minimal difference in the slope
and cannot fully account for the significant difference in the slope of the a vs. s plots
between the P3HT and PDPP4T plots. The Coulombic interaction between the ionized
dopant molecules and the localized carriers resulting in the formation of deep trap states,
and the physical distribution of dopant molecules within the sample or the size of the
dopant clusters both cause further broadening of the DOS. We calculate the DOS
resulting from doping concentration Nd in clusters having size Cs, according to Equation
3 in the Experimental Section of Appendix, and find that doping and clustering result in a
heavy-tailed, exponential distribution (see Figure 31a).112 We conclude that it is this
‘change in shape’ of the DOS that instigates the change in slope in the a vs. s plot. This
is clearly seen in Figure 31b, where we compare the a vs. s plot for a purely Gaussian
and an exponential DOS, showing that the exponential DOS results in a much flatter a
vs. s curve. This can be understood from the Mott formula, expanded113 as 𝛼 ∝
S uv ^ :
S:

+𝑔

S[x : ]
SY

: when the 𝜇 𝐸 is only weakly dependent on carrier concentration, an

exponential DOS leads to a constant 𝛼 independent of doping or 𝜎, but inversely
proportional to the energetic disorder that dictates the width of the DOS.
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Figure 31: The effect of doping and clustering on the DOS distribution. (Intrinsic
Gaussian width = 3 kT) The charge carriers interact Coulombically with the ionized
dopants creating additional deep traps and effectively broadening the DOS. Log-log
plot of Seebeck coefficient vs. conductivity showing the change in slope due to: (b)
Gaussian and exponential DOS, (c) doping and clustering induced effective
broadening and deep tail of the DOS. The doping induced distribution is computed
with Nd = 2% and Cs = 1, and the clustering induced distribution with Nd = 0.2% and
Cs = 3. (d) Comparison of our model to experimental data from Fig. 30. (Nd = 0.1 %
and Cs = 1 for red dashed line with symbol, Nd =0.02 % and Cs = 9 for green dashed
line with symbol).
Further, Figure 31c compares the effect of a purely Gaussian DOS distribution vs.
an exponential DOS distribution computed with several values of Nd and Cs. We compare
our results to Snyder and Kang’s charge transport model88 and find that a Gaussian
distribution results in significantly lower transport parameter s ≤ 1.5 compared to the
exponential case which has s ≥ 1.5, and this difference increases further with increasing
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width of the energetic disorder. However, at high energetic disorder in the presence of a
heavy tail the curve cannot be fit by transport parameter values of s = 1 or s = 3 (see
Figure 31c) indicating the limitations of a band model in predicting transport in highly
disordered systems. Comparing our model to experimental data from Figure 30 we find
that PDPP4T doped at 75 °C is most closely fit with a vs. s computed from a purely
Gaussian distribution with a width of 11 kT, whereas PDPP4T doped at 25 °C and P3HT
is best fit with an exponential DOS that gives us the required change in slope. (see Figure
31d).

4.3.2 Kelvin Probe Force Microscopy and Photoluminescence of iodine doped
clusters
To probe the dopant distribution in the conjugated polymer films, we use KPFM,
which exploits the capacitive interactions between a metal-coated probe (typically
platinum) and the sample. This interaction is associated with the work function difference
between the probe and the sample, manifested as a SPC.114 Since chemical doping of the
conjugated polymer by iodine vapor alters the polymer’s work function and thus the SPC,
KPFM can track and map the changes that occur upon doping along the film's surface.
We mapped the SPC of films of P3HT and PDPP4T doped at 25 °C and 75 °C see Figure
32, inset). In the SPC maps, we observed the presence of dense regions in the polymer
films that had a different SPC than the surrounding sections. Photoluminescence
microscopy imaging (see Figure 33) of a similar P3HT film doped at 25 °C displays
dense regions of dark P3HT, consistent with chemically oxidized P3HT,115 with similar
cross-sectional areas surrounded by brighter-emitting P3HT. Therefore, we inferred that
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the dense regions in the SPC map corresponds to densely doped states on the film's
surface surrounded by less densely doped P3HT.

Figure 32: A histogram of measured SPC and its Gaussian fit, with the height map
and SPC map inset, of (a) pristine P3HT, (b) P3HT doped at 25 °C, (c) P3HT doped
at 75 °C, (d) PDPP4T doped at 25 °C, and (e) PDPP4T doped at 75 °C.
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Figure 33: PL images of (a) a pristine P3HT film indicating intense, uniform
photoluminescence, (b) an iodine doped P3HT film indicating quenched, nonuniform photoluminescence, and (c) the PL emission spectra of the prisinte P3HT
(red), a lightly doped patch from the iodine doped P3HT (maroon), and a densely
doped patch of the iodine doped P3HT (black). Exposure time: 0.2 s.
We then determined the homogeneity of the distribution of iodine-doped states
within the film using the width of the distribution of SPCs. P3HT films doped at 25 °C
displayed a remarkably wide distribution of SPCs and regions of densely doped states
with cross-sectional areas on the order of 1 µm2, indicating the distribution of iodinedoped states is heterogeneous, while pristine P3HT has a narrow distribution of SPCs
(see Figure 32). The appearance of an exponential tail to this SPC distribution is
consistent with the exponential DOS distribution we modeled to fit the a vs. s curve for
P3HT doped at 25 °C. P3HT films doped at 75 °C showed a marginally narrower
distribution of SPCs, suggesting that P3HT films doped at 75 °C exhibit a slightly more
homogeneous distribution of iodine-doped states compared to P3HT doped at 25 °C.
PDPP4T doped at 25 °C displayed a significantly narrower distribution of SPCs than
either P3HT sample, and PDPP4T doped at 75 °C had yet an even narrower distribution
of SPCs. The trend of SPC distributions for each sample is consistent with the DOS
distributions we modeled, confirming that the a vs. s curve can be fit to an appropriate
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DOS by solving the Pauli master equation. PDPP4T is doped with a more homogeneous
distribution of iodine-doped states than P3HT and homogeneity of iodine-doped states
increases with increasing doping temperature.
We tracked the SPC distribution of P3HT doped at 25 °C over time as the sample
spontaneously dedoped to determine the effect of de-doping on the dopant distribution
homogeneity (see Figure 34a). The SPC distributions recorded at each time were fit to a
Gaussian distribution (Figure 34b) so that the dopant homogeneity can be described in
terms of the mean (Figure 34c) and width of this distribution (Figure 34d). The width of
the SPC distribution decreases over time, indicating the dopant distribution becomes
more homogeneous as the sample de-dopes and the concentration of dopant counterions
in the film decreases. The mean of the Gaussian fit of the SPC distribution becomes more
positive over time, consistent with the increase in EF of P3HT upon de-doping.
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Figure 34: (a) Histograms of the SPC distribution, (b) Gaussian fit to each
histogram, and the (c) mean and (d) width of the Gaussian fits of a film of P3HT
initially doped at 25 °C as it spontaneously de-dopes.
4.4 Conclusion
Our studies establish that the shape of the a vs. s curve depends on the
distribution of the dopants in the conjugated polymer. The dopant distribution affects the
energetic disorder, which in turn affects the charge transport properties. Our studies
suggest that tuning the energetic disorder by controlling the dopant counterion
distribution within the doped film and the dielectric constant of the organic
semiconductor can lead to substantial improvements in the thermoelectric performance of
organic semiconductors. We predict that polymers doped with a uniform dopant
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distribution will lead to narrow energetic disorder and thus enhanced thermoelectric
properties.
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CHAPTER 5
ELECTROCHEMICAL CONTROL OF THE THERMOELECTRIC
PROPERTIES OF PEDOT TOSYLATE

5.1 Introduction and Overview
Poly(3,4-ethylenedioxythiophene) tosylate (PEDOT:Tos) is a conducting polymer
that can be prepared by chemical oxidation of 3,4-ethylenedioxythiophene (EDOT) using
an oxidant, such as ferric tosylate, and a weak base (see Figure 35). PEDOT has
thermoelectric charge transport characteristics that are unique to other conjugated
polymers, having a transport parameter s = 1 according to Kang and Snyder’s model,88
and currently has the highest reported thermoelectric power factor (1,270 µW m-1 K-2)
and ZT (0.42) of any organic thermoelectric material.3-5 The previous chapter of this
dissertation describes in detail how the transport parameter of s = 1 can actually be
explained by a homogeneous distribution of dopants throughout the conducting polymer
film and a narrow DOS, and how these properties can be obtained in polymers other than
PEDOT:Tos. The motivation for the research described in the current chapter was to
determine how the unique charge transport properties of PEDOT:Tos depend on the
spatial distribution of dopants throughout the film.
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Figure 35: Oxididative polymerization conditions used for the SCP of PEDOT:Tos
in this work. Pluronic F127 is added as a weak base that coordinates with FeIII ions.
Conducting films of PEDOT:Tos were prepared, their s and a were measured,
and the extent of doping was controlled to a limited extent by electrochemical oxidation
and reduction, but the range of s and a obtained was not broad enough to enable
confident fitting of the of the a vs. s trend. This chapter provides a record of how
PEDOT:Tos was prepared by solution casting polymerization (SCP), how its s and a
were controlled electrochemically, and offers suggestions for possible improvements to
controlling the s and a for future projects dealing with PEDOT:Tos for thermoelectric or
other applications.
I gratefully acknowledge Julia Lenef and Haote Li for their assistance with this
project. The preparation of PEDOT:Tos films, electrochemical oxidation and reduction of
these films, and the measurement of s and a was a collaborative effort shared by the
three of us.
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5.2 Preparation of PEDOT:Tos Films by SCP
PEDOT is insoluble in common solvents, and it is therefore necessary to prepare
stable dispersions of PEDOT particles in a solvent or to prepare PEDOT by in situ
polymerization directly into the desired film or device architecture. Heterophase
polymerization leading to stable PEDOT dispersions have been studied extensively, most
notably the oxidative dispersion polymerization of EDOT in the presence of
poly(styrenesulfonate) (PSS) for the preparation of aqueous dispersions of
PEDOT:PSS.116 PEDOT:PSS in water is expansively used in organic electronics research
and applications including electrochemical transistors,117 the hole transporting layer in
organic light emitting diodes and photovoltaics,118-119 and as a thermoelectric material.5,
45, 90

In situ methods for the direct preparation of PEDOT films or devices, including

electrochemical polymerization,120 vapor phase polymerization,121 and SCP,5, 122 are also
useful. Oxidative SCP of PEDOT, a method by which a reactive solution of EDOT,
oxidant, and a weak base (see Figure 35 for the oxidative SCP conditions used in this
work) are directly cast onto the desired substrate and polymerized by increasing the
temperature of the film, is the technique that has been used to prepare PEDOT:Tos with
the greatest reported power factor for organic thermoelectric materials and to prepare
PEDOT:Tos described by Kang and Snyder as having a transport parameter of s = 1.3, 5, 88
Each technique results in PEDOT that is already chemically doped, since the PEDOT is
formed in the presence of an oxidant and PEDOT itself has a lower redox potential than
EDOT. PEDOT remains doped indefinitely under ambient conditions due its low redox
potential.
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We chose to use SCP to prepare PEDOT:Tos samples for this research in order to
begin this project with samples resembling those reported to have s = 1. The experimental
procedures we used for SCP are described in the Experimental Section in Appendix A.
All polymerizations were carried using n-butanol as the solvent, ferric tosylate as the
oxidant, and at a polymerization temperature of 70 °C. The oxidative solution was always
prepared using an ethoxylated additive:oxidant:solvent weight ratio of 1:2:3 whenever an
ethoxylated additive was used, and an oxidant:solvent weight ratio of 2:3 otherwise. The
molar ratio of the oxidant, ferric tosylate, to monomer, EDOT, was 1.5:1 unless otherwise
stated. We initially tested the impact of the impact of ethoxylated additive and the impact
of oxidant (ferric toslyate) to monomer (EDOT) ratio on the s and a of the PEDOT:Tos.
The purpose of these tests was to find conditions for SCP that result in the consistent,
repeatable formation of PEDOT:Tos films with similar s and a, not to try to optimize s,

a, or the thermoelectric power factor. Next, we electrochemically controlled the extent of
doping in the PEDOT:Tos in order to prepare PEDOT:Tos with a range of s and a.
Electrochemical control of the PEDOT:Tos carrier concentration resulted in a range of s
spanning ~1 order of magnitude, which is insufficient to model the charge transport
properties.

5.2.2 Effect of Weak Base Additive Used in SCP on the Conductivity and Seebeck
Coefficient of PEDOT:Tos
The conductivity of PEDOT:Tos prepared by SCP is sensitive to the
polymerization temperature, solvent, oxidant concentration, monomer concentration, and
the type and concentration of weak base additive or additives.3, 122 Aromatic nitrogencontaining weak bases, such as pyridine and imidazole, are reported to aid in the
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polymerization of high conductivity PEDOT:Tos by inhibiting the oxidant and slowing
the rate of polymerization, allowing more time for crystallization of ordered domains of
PEDOT. Ethoxylated additives have a similar effect and are also effective for preparing
films of PEDOT:Tos with a high conductivity, whether they are used alone or in
combination with pyridine or imidazole.
In our initial screening of additives, we prepared PEDOT:Tos using a
combination of imidazole (0.5 molar equivalents with respect to oxidant) and Pluronic
F127 (see Figure 35 for the chemical structure of Pluronic F127) as the weak base
yielding a film that was inconveniently thin (40 nm) for use in our centimeter lengthscale in-plane apparatus, and had a s of 10 S cm-1 and an a of 12.0 µV K-1. A film
prepared using only imidazole (0.5 molar equivalents with respect to oxidant) and no
ethoxylated additive was also thinner than desired (200 nm), and had a s of 469 S cm-1
and an a of 19.7 µV K-1. Although the conductivity of this film was promising, thicker
films (approaching the µm scale) are necessary to enable reliable in-plane measurements
of a across our centimeter scale apparatus. Since a reasonably high G (G ≥ ~10-6 S, as a
general rule)52 is needed for our nanovoltmeter to draw sufficient current to measure the
thermovoltage, and decreasing the extent of doping and thus s is ultimately necessary to
characterize the charge transport at low doping levels, increasing the film thickness t is
beneficial obtaining data at lower s (𝐺 ∝ 𝜎𝑡). The film prepared using only the
ethoxylated additive Pluronic F127, with no imidazole, was 470 nm thick, with a s of
316 S cm-1 and an a of 15.8 µV K-1. After this initial screening, we shifted our focus to
SCP conditions using only ethoxylated additives and avoided using imidazole.
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Figure 36: Chemical structure of (top) and image of film prepared using (bottom)
the ethoxylated additives (a) Capstone FS-30 (n or m are not provided by the
chemical vendor), (b) Triton X-45 (n ≈ 5), (c) Tomadol 91-8 (n ≈ 6, m ≈ 8), (d)
Pluronic P85 (n = 26, m = 40), and (e) PEG 600 (n = 14).
Before continuing with Pluronic F127 as the ethoxylated additive, we also
prepared PEDOT:Tos used other ethoxylated additives – Capstone FS-30, Triton X-45,
Tomadol 91-8, Pluronic P85, and PEG 600 (see Figure 36) – under otherwise identical
conditions to measure G and a (see Figure 37). Each film had a very similar a, 15.1-17.3
µV K-1, regardless of the ethoxylated additive used. Decreases in G appeared to be
consistent with decreases in film quality/smoothness, as is visually apparent from the
nonuniform surface of the films prepared using either Capstone FS-30 (see Figure 36a) or
PEG 600 (see Figure 36e).
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Figure 37: Seebeck coefficient (green, left bars) and conductance (blue, right bars)
for PEDOT:Tos films prepared using a variety of ethoxylated additives.
Three additional films were prepared using Pluronic F127 and identical
conditions. All four films prepared this way were acceptably reproducible considering the
average and standard error of their a (17.1±0.9 µV K-1), film thickness (639±68 nm), and
G (20.5±2.2 S). Pluronic F127 was therefore used as the ethoxylated additive for the
remainder of this project.

5.2.1 Effect of Oxidant to Monomer Ratio on the Conductivity and Seebeck
Coefficient of PEDOT:Tos
Since the oxidant to monomer ratio can have an impact on how densely doped the
product PEDOT:Tos is,3, 122 and the extent of doping is fundamentally important to the s
and a of the material, we focused our final SCP tests on the oxidant to monomer ratio.
Varying the oxidant to monomer ratio from 1:1 to 2.5:1 in 0.5 molar equivalent
increments by varying the amount of the monomer added to the oxidative solution prior
to SCP had a minimal impact on the film thickness, s, and a (see Figure 38). Due to the
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marginally improved s and the reproducible film thickness obtained by using an oxidant
to monomer ratio of 1.5:1, we continued to use this ratio for the preparation of
PEDOT:Tos.

(a)

(b)

(c)

Figure 38: Effect of oxidant to monomer molar ratio on the (a) film thickness, (b)
conductivity, and (c) Seebeck coefficient. Error bars represent the standard error of
four measurements of the film thickness at for different locations on the films
surface for (a), the combined standard error of the film thickness with the root
mean square error (RMSE) of the I-V linear curve fit for (b), and the RMSE for the
∆V-∆T linear curve fit for (c).

5.3 Effect of Electrochemical Oxidation and Reduction on the Conductivity and
Seebeck Coefficient of PEDOT:Tos
Since PEDOT:Tos films are already doped and electrically conductive once they
are prepared and remain so indefinitely, electrochemical reduction is necessary to
decrease the carrier concentration to modify s and a. Electrochemical oxidation can also
be used to increase the carrier concentration, broadening the range of s and a data
further.5 We prepared each film of PEDOT:Tos for electrochemical reduction under the
same conditions, using an oxidative solution of a 1:2:3 weight ratio of Pluronic
F127:ferric tosylate:n-butanol and an oxidant to monomer molar ratio of 1.5:1. After
making 13 measurements of the film thickness of four films, it was assumed that every
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film had approximately the same thickness as the average of these 13 measurements,
677±61 nm.

(a) As prepared

(b) -2 V

(c) +2 V

Figure 39: Electrochemical cell used to reduce or oxidize PEDOT:Tos. The
PEDOT:Tos film before applying any potential is shown in (a), the PEDOT:Tos film
reduced at -2 V is shown in (b), and the PEDOT:Tos film oxidized at +2 V is shown
in (c). Each image was captured sequentially using the same sample of PEDOT:Tos.
Each film was electrochemically modified using an electrochemical cell by
applying a constant potential for 10 minutes. The film of PEDOT:Tos being
electrochemically modified was used as the working electrode, platinum wire as the
counter electrode, Ag/AgCl as the reference, and 100 mM tetrabutyl ammonium
perchlorate in propylene carbonate as the supporting electrolyte (see Figure 39). The
color changes observed were consistent with neutral PEDOT absorbing in the visible
region upon electrochemical reduction (see Figure 39b) and with p-doped polaron or
bipolaron PEDOT absorbing in the infrared and near infrared upon electrochemical
oxidation (see Figure 39c). Constant potentials ranging from -2 V to +1.2 V in 0.8 V
increments were used to modify the extent of doping of PEDOT:Tos. The sample was
washed soaking in ethanol in a petri dish and air-dried after electrochemical modification
before measuring the a and s. Electrochemical modification and a and s measurements
were all performed under atmosphere. The a and s of PEDOT:Tos films
electrochemically reduced/oxidized at each potential are shown in Figure 40.
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Figure 40: Dependence of conductivity (blue squares) and Seebeck coefficient (black
triangles) on the potential applied to electrochemically modified PEDOT:Tos.
Decreasing the electrochemical potential resulted in increasing a and decreasing

s, which is consistent with decreasing the extent of doping of PEDOT:Tos. The complete
dataset of a and s obtained from electrochemically modified PEDOT:Tos and as
prepared PEDOT:Tos (only including samples initially prepared by SCP under the same
conditions) is plotted on a log-log scale in Figure 41. The dataset can be fit to Snyder and
Kang’s charge transport model using an s =1 or an s = 3. The trends of a vs. s predicted
by s = 1 and s = 3 are very similar to one another in the high s, low a range where
experimental data is abundant, but differ significantly at the low s, high a range where
no experimental data could be obtained. It is therefore unclear which fit, if any, best
describes PEDOT:Tos prepared by SCP under the conditions described herein.
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Redox PEDOT:Tos
As prepared PEDOT:Tos

Figure 41: Compilation of PEDOT:Tos Seebeck coeffients vs. conductivities from
electrochemically modified (blue squares) and as prepared (black circles)
PEDOT:Tos fit with an s = 1 (black curve) and an s = 3 (red curve).
5.4 Summary and Future Outlook of Electrochemical Oxidation of PEDOT:Tos for
Thermoelectric Studies
Electrochemical reduction of PEDOT:Tos using a potential of -2 V decreased s
by ~1 order of magnitude (see Figure 41). The impact of electrochemical reduction on s
we observed is less significant than what has previously been reported in the literature for
PEDOT:Tos.5 One possible reason for this discrepancy may be the exposure of our
electrochemically modified PEDOT:Tos samples to atmosphere containing oxygen. It has
recently been reported that oxygen can re-dope PEDOT chloride (PEDOT:Cl) that has
been electrochemically de-doped,123 enabling PEDOT to function as a conductive
electrode for the oxygen reduction reaction in spite of applied electrochemical potentials
that reduce PEDOT to a less conductive state. In that report, electrochemically reduced
PEDOT:Cl retained a steady, low conductivity in the absence of oxygen in a nitrogen
glovebox, but immediately became more electrically conductive upon exposure to
oxygen, which was demonstrated by in situ resistometry in the presence and absence of
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oxygen and by measure the resistance of PEDOT:Cl over time exposed to an oxygen
atmosphere.
In the future continuation of this project, the impact of oxygen on the s of
electrochemically reduced PEDOT:Tos can be verified using in situ resistometry in the
electrochemical cell, by first preparing PEDOT:Tos on a 4-terminal device and then
measuring the s at negative electrochemical potentials with and without sparging N2 into
the supporting electrolyte of the cell. If oxygen is found to re-dope the de-doped
PEDOT:Tos, than this project must be continued by moving the electrochemical cell and
thermoelectric apparatus into a glovebox. I did not attempt to rearrange this equipment in
our lab, in part due to the conflicting research demands on our thermoelectric apparatus.
The in situ measurement of the thermoelectric properties of iodine doped conjugated
polymers as the spontaneously dedope, as described in the previous chapter, releases
iodine vapor to the surroundings as the film dedopes. These experiments are not practical
to perform in a glovebox, since the release of iodine vapor within the glovebox would
jeopardize all chemicals stored in the same box and the catalyst of the glovebox.
Addressing the issue of the persistently high conductivity of PEDOT:Tos in the
future would enable the characterization of a broader range of s and a and a better
understanding of its charge transport. Furthermore, the spatial distribution of dopants
within PEDOT:Tos could possibly be tuned by controlling the conditions of re-doping the
electrochemically de-doped PEDOT. For instance, electrochemically reduced PEDOT
could be electrochemically oxidized back to a conductive state using a less permeable
dopant than tosylate, such as PSS. This would be expected to create disparate regions,
including regions of PEDOT where PSS is unable to permeate and regions on the surface
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of PEDOT with a relatively denser distribution of PSS dopants. Controlling the
temperature during electrochemical oxidation may be an additional way to influence the
dopant permeability and resulting spatial distribution of dopants, as we observed during
the chemical oxidation of PDPP4T described in the previous chapter (see Figures 31 and
32). Ultimately, the preparation of PEDOT films with a broad range of conductivities and
varying spatial homogeneity of dopant counterions and characterization of the
thermoelectric properties would lead to an improved explanation of the unique
thermoelectric properties reported for PEDOT:Tos.
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APPENDIX
EXPERIMENTAL SECTION

A.1 Synthesis and Characterization of Rylenediimide Monomers and Polymers
A.1.1 Materials
Acetic acid, acetone, acetonitrile, bromine, chlorobenzene, chloroform, 1,3dibromo-5,5-dimethylhydantoin (DBH), dichloromethane, n-dodecylamine, 1,4,5,8naphthalenetetracarboxylic dianhydride (NDA), ferrocene, n-octadecylamine,
2,2,3,3,4,4,4-heptafluorobutylamine, hexane, methanol, tetrahydrofuran (THF),
Pd(PPh3)4, tetrabutylammonium cyanide (TBACN), tetrabutylammonium perchlorate
(TBAP), tetrakis(dimethylamino)ethylene (TDAE), trans-1,2-bis(tri-nbutylstannyl)ethylene, 1,2,4-trichlorobenzene (TCB), toluene, dihexyl ketone, NH4OAc,
NaBH3CN, imidazole, perylene-3,4,9,10-tetracarboxylic dianhydride, 7-tridecanamine,
ethanol, and were purchased from commercial vendors and used as received unless
otherwise stated. Toluene was dried by storage over 4 Å molecular drying sieves and
degassed by sparging with N2 for no less than one hour.

A.1.2 Instrumentation and Characterization
1

H NMR and 13C NMR spectra were recorded on a 400 MHz Bruker Avance NMR

spectrometer,

19

F NMR spectra were recorded on a 500 MHz Bruker Ascend NMR

spectrometer. All the NMR spectra and chemical shifts were mentioned with respect to
tetramethylsilane (TMS) internal standard in parts per million (δ scale). Gel permeation
chromatography (GPC) analyses were performed on a HT-GPC, PL-GPC220, solvent:
TCB, normal operating temperature: 135 °C. Absorption spectra were taken using a
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Shimadzu UV 3600 UV-Vis-NIR spectrometer. Polymer thin films for UV-Vis-NIR
spectroscopy were prepared by spincasting onto ITO-coated glass slides from
chlorobenzene solution. The electrochemical properties were performed by using a three
electrode system on a CV-50W electrochemical analyzer using a Pt disk (dia. 1.6 mm) and
a platinum (Pt) wire as working electrode and as counter electrode respectively, with a
reference electrode of Ag/AgCl. TBAP (0.1 M in N2-purged dry acetonitrile) was utilized
as the supporting electrolyte and ferrocene was used as an internal standard (the calculated
half-wave potential for ferrocene/ferrocenium couple was found to be 0.32 V).
Thermogravimetric study (TGA) was performed on a TGA Q50 instrument and differential
scanning calorimetry (DSC) was performed on a DSC Q200 instrument. EPR spectra were
collected at room temperature on a Bruker Elexsys E-500 at X-band. The two-terminal
electronic devices were fabricated by vacuum depositing Au electrodes (100 nm) onto a
clean glass substrate with a channel width and length at 5 mm and 165 µm, respectively,
using a shadow mask. Solutions of a predetermined amount of polymer or polymer and
TBACN in THF were dropcast onto these electrodes. Poling at a constant voltage was
performed for a duration of time to ensure that the current measured was electronic and not
ionic, and the final 30 measurements of current (the final 2.5 seconds of poling) were
assumed to be the steady-state, electronic current for I-V characterization. All I-V
characterization was carried out under ambient conditions at room temperature using
Keithley 2440-5A SourceMeter. The film thicknesses were determined by profilimetry
using a KLA Tencor Alpha-Step IQ Surface Profiler. DFT calculations were performed
within the ωB97XD/6-31g(d,p) basis, with the geometry of each NDIV oligomer optimized
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with vinylene end groups on each end and all hydrocarbon side chains replaced with ethyl
groups.

Figure 42: Synthetic scheme for the monomers DNDI and FNDI.
A.1.3 Experimental Procedures
The synthetic scheme of the monomers DNDI and FNDI is shown in Figure 42,
and the synthetic scheme of the regioisomeric monomers for PDIV is shown in Figure 43.

74

A.1.3.1 Synthesis of 2,6-Dibromo-1,4,5,8-naphthalenetetracarboxylic Dianhydride
(NDABr2).

NDABr2 was prepared in a modified version of the previously reported
procedure.[1] In a single-necked RB flask, NDA (1.34 g, 5 mmol) was stirred at room
temperature in concentrated sulfuric acid (15 mL) for 5 min. DBH (2.14 g, 7.5 mmol) was
added in portion wise over a period of 40 min at room temperature. The resulting brown
solution was stirred at 55 °C for 12 h. In order to precipitate the solid, the mixture was
poured over crushed ice. Filtration of the precipitated solid was done, further washed with
water (100 ml) followed by methanol (100 ml) then dried in vacuum to obtain NDABr2
which was used for next steep without farther purification (1.68 g, 79 %). 1H NMR (400
MHz, [D6]DMSO): δ 8.78 (s, 2H).

A.1.3.2 Synthesis of N, N′-bis(n-dodecyl)-2,6-dibromo-1,4,5,8naphthalenedicarboximide (DNDI).
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A mixture of NDABr2 (423 mg, 1 mmol), n-dodecylamine (462 mg, 2.5 mmol),
and acetic acid (20 mL) was stirred at 90 °C under N2 atmosphere for 8 hours. The mixture
was cooled to room temperature followed by addition of 80 ml of cold water. A yellow
precipitate formed upon cooling and was separated by gravity filtration, washed with 100
ml of methanol and dried under vacuum. Final purification was done by column
chromatography eluting with hexane/chloroform (60 : 40) to obtain DNDI as a yellow solid
(350 mg, 46%). 1H NMR (400 MHz, CDCl3): δ 8.99 (s, 2H), 4.18 (t, J = 7.6 Hz, 4H),
1.78-1.68 (m, 4H), 1.44-1.34 (m, 8H), 1.30-1.22 (m, 28H), 0.89-0.85 (m, 6H). 13C NMR
(100 MHz, CDCl3): δ 160.76, 160.73, 139.07, 128.32, 127.73, 125.36, 124.10, 41.62,
31.91, 29.62, 29.61, 29.56, 29.51, 29.34, 29.29, 27.90, 27.08, 22.69, 14.11.

A.1.3.3 Synthesis of N-(2,2,3,3,4,4,4-heptafluorobutyl)-N’-octadecyl-2,6-dibromo1,4,5,8-naphthenedicarboximide (FNDI).

A mixture of NDABr2 (423 mg, 1 mmol), n-octadecylamine (309 mg, 1.15 mmol),
and acetic acid (20 mL) was stirred at 90 °C under N2 atmosphere for 4 hours before
2,2,3,3,4,4,4-heptafluorobutylamine (228 mg, 1.15 mmol) was added to the same reaction
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mixture at the same temperature and stirred for another 6 hours. The mixture was cooled
to room temperature followed by addition of 80 ml of cold water. A precipitate that formed
upon cooling was separated by gravity filtration, washed with 50 ml of methanol and dried
under vacuum. Final purification was done by column chromatography eluting with
hexane/chloroform (40 : 60) to obtain FNDI as a greenish yellow solid (266 mg, 31%). 1H
NMR (400 MHz, CDCl3): δ 9.04 (s, 1H), 9.02 (s, 1H), 5,03 (t, J = 15.2 Hz, 2H), 4.19 (t, J
= 7.6 Hz, 2H), 1.77-1.71 (m, 2H), 1.45-1.34 (m, 4H), 1.34-1.26 (m, 26H), 0.90-0.85 (m,
3H). 19F NMR (500 MHz, CDCl3): δ −80.41 (t, 3F), −115.85 (m, 2F), −127.60 (br, 2F). 13C
NMR (100 MHz, CDCl3): δ 160.63, 160.51, 160.29, 139.79, 139.15, 129.45, 128.36,
127.90, 127.80, 125.89, 124.79, 124.35, 123.36, 41.71, 38.80, 31.91, 29.69, 29.65, 29.63,
29.57, 29.51, 29.35, 29.27, 27.88, 27.06, 22.68, 14.11.

A.1.3.4 Synthesis of PDNDIV

DNDI (76 mg, 0.10 mmol), and trans-1,2-bis(tri-n-butylstannyl)ethylene (61 mg,
0.1 mmol) were added to 3 mL of dry toluene in a two-necked 25 ml round-bottom flask
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under nitrogen. The solution was purged with nitrogen for 10 min. Then, Pd(PPh3)4 (5.8
mg, 5 mol %) was added to the solution and the mixture was refluxed for 12 h. The crude
reaction mixture was then precipitated in 30 ml methanol and collected by gravity filtration,
after which the resulting solution was subjected to Soxhlet extraction with methanol,
acetone, and hexane as washing solvents. A final chloroform extraction resulted in a deep
red colored solution, which was then reprecipitated from 10 ml methanol and dried under
a vacuum to yield reddish black polymer PDNDIV (40 mg, yield 61%). 1H NMR (400
MHz, CDCl3): δ 9.19 (br, 2H) 8.93 (br, 2H), 4.20 (br, 4H), 1.83−1.69 (br, 4H), 1.40−1.15
(br, 36H), 0.94−0.76 (br, 6H).

A.1.3.5 Synthesis of PFNDIV

FNDI (86 mg, 0.10 mmol), and trans-1,2-bis(tri-n-butylstannyl)ethylene (61 mg 0.1
mmol) were added to 4 mL of dry toluene in a two-necked 25 ml round-bottom flask under
nitrogen. The solution was purged with nitrogen for 15 min. Then, Pd(PPh3)4 (5.8 mg, 5
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mol %) were added to the solution and the mixture was refluxed for 12 h. The crude reaction
mixture was then precipitated in 40 ml methanol and collected by gravity filtration. The
resulting solution was subjected to Soxhlet extraction with methanol, acetone, and hexane
as washing solvents. A final chloroform extraction resulted in a deep red colored solution,
which was then reprecipitated from 10 ml methanol and dried under a vacuum to yield
reddish black polymer PFNDIV (54 mg, yield 73%). 1H NMR (400 MHz, CDCl3): δ 9.21
(br, 2H), 8.91 (br, 2H), 5.07 (br, 2H), 4.21 (br, 2H), 1.74 (br, 2H), 1.48−1.10 (br, 30H),
0.99−0.76 (br, 3H).
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Figure 43: Synthetic scheme for the regioisomeric mixture of monomers for PDIV.
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A.1.3.6 Synthesis of 7-tridecanamine

NH 2

Methanol (152 mL), dihexyl ketone (10 g, 50 mmol), , NH4OAc (40 g, 520 mmol),
and then NaBH3CN (2.24, 36 mmol) were sequentially added to a 1 L RB flask with
continuous magnetic stirring. The flask was lowered into a 30 °C water bath and
magnetically stirred at 30 °C for 60 h. The mixture was quenched by the addition of 8 mL
concentrated hydrochloric acid and concentrated by rotary evaporation. The crude product
was suspended in 1 L of water and brought to basic pH by addition of NaOH pellets with
stirring. The product was extracted using 3 ´ 250 mL of dichloromethane and concentrated
to obtain a clear, colorless oil that crystallizes after storing at ambient temperature for
several days (8.14 g, 81%). 1H NMR (400 MHz, CDCl3): δ 2.68 (q, 1H), 1.30 (m, 20H),
0.87 (t, 6H).

A.1.3.7 Synthesis of N,N’-bis(1-hexylheptyl)-3,4,9,10-perylenediimide

O

N

O

O

N

O

A 300 mL flat-bottomed flask was charged with imidazole (3.70 g, 54 mmol),
perylene-3,4,9,10-tetracarboxylic dianhydride (0.82 g, 2 mmol), and 7-tridecanamine (1.00
g, 5 mmol), loosely covered with a watch glass, and placed in a 160 °C oven. The crude
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product was allowed to cool to ambient temperature and then stirred in 30 mL ethanol and
84 mL 2 N HCl for 12 h. The product was isolated by vacuum filtration, washed with 300
mL water three times and then 300 mL ethanol once, and then dried in vacuo to obtain a
red powder (1.46 g, 92%). 1H NMR (400 MHz, CDCl3): δ 8.66 (m, 8H), 5.19 (m, 2H), 2.52
(m, 4H), 1.86 (m, 4H), 1.24 (m, 32H), 0.82 (t, 12H).
Synthesis

of

N,N’-bis(1-hexylheptyl)-1,7/1,6-dibromo-3,4,9,10-perylenediimide

(PDIBr2)

O

N

O

O

Br

+

Br

O

N

O

N

O

Br

Br

O

N

O

A 100 mL glass reaction tube containing a magnetic stir bar was charged with a
solution of N,N’-bis(1-hexylheptyl)-3,4,9,10-perylenediimide (1.46 g, 1.93 mmol) in 36
mL dichloromethane and its neck was sealed by closing the stopcock. The solution was
brought to reflux by stirring in a 60 °C oil bath. The stopcock was opened and bromine
(23.00 g, 144 mmol) was added. The reaction tube was resealed by closing the stopcock
and the reaction was stirred at 60 °C for 48 h. The solvent and excess bromine were
removed by a stream of air followed by rotary evaporation. Column chromatography using
a gradient elution of dichloromethane:hexanes from 1:3 to 1:1 yielded a regio-isomeric
mixture of the product as a dark red powder (402 mg, 23%). 1H NMR (400 MHz, CDCl3):
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δ 9.50 (m, 2H), 8.92 (m, 2H), 8.69 (m, 2H), 5.16 (m, 2H), 2.24 (m, 4H), 1.84 (m, 4H), 1.31
(m, 32H), 0.83 (t, 12H).
Synthesis of PDIV

O

N

O
O

N

O

m

n

O

N

O
O

N

O

A 200 mL RB flask was charged with the regioisomeric mixture of PDIBr2 (400
mg, 0.0219 mmol) and Pd(PPh3)4 (25 mg, 5 mol %), brought into a N2 glovebox, fitted
with a reflux condenser sealed with a septum, and brough out of the glovebox. 20 mL
toluene was added to the reaction flask by cannular transfer under N2. A solution of trans1,2-bis(tri-n-butylstannyl)ethylene (266 mg, 0.438 mmol) in 20 mL toluene was degassed
by sparging with N2 for 20 minutes and added to the reaction flask by cannular transfer
under N2. The reaction flask was lowered into a 90 °C oil bath and stirred under N2 for 24
h. An additional aliquot of Pd(PPh3)4 (25 mg, 5 mol %) was added under N2, and the
mixture was heated to reflux and stirred under N2 for 24 h. The polymer was obtained by
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sequential precipitation into methanol, vacuum filtration, and column chromatography
using chloroform as the eluent to obtain a dark purple powder (277 mg, 81%).

A.2 Materials used to prepare blends of SWNT with PBTDV2
PBTDV2 was prepared by Dr. Timothy Gehan for a previous research project
according to the reported procedure.10 SWNT (diameter 0.7-1.4 nm) from a commercial
vendor was donated by Prof. Paul Lahti. o-DCB and iodine were purchased from
commercial vendors and used as received.

A.3 Preparation, Doping, Characterization, KPFM, and Modeling of P3HT and
PDPP4T
A.3.1 Materials
P3HT (Mw = 90 kDa, 96% HT regioregularity), PDPP4T (Mw = 171,138 Da, Đ =
2.45), chloroform, and iodine were purchased from commercial vendors and used as
received.

A.3.2 Film Preparation
Solutions of 5 mg/mL P3HT or 8 mg/mL PDPP4T in chloroform were stirred for
no less than 4 h before drop-casting. 0.23 mL of the polymer solution was drop cast onto
a handcut, 1.1 cm ´ 2.2 cm glass coverslip that was preheated to 45 °C on a hot plate, and
this was immediately covered with a watch glass to impede the escape of chloroform
vapors and slow the rate of evaporation during drop-casting. After 10 min, the sample
heating element was turned off, and the sample was let stand under ambient conditions
for no less than 24 h to evaporate the chloroform further.
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A.3.3 Doping with Iodine Vapor
50±5 mg iodine crystals were loaded into a 1 mL glass vial, and this vial was
loaded into a 20 glass mL vial. For samples doped at 25 °C, the 20 mL vial was first
capped and let stand for no less than 12 h to allow solid-vapor equilibration of the iodine
within the vials. For samples doped at 75 °C, the 20 mL vial was first capped and let
stand in a 75 °C oven for 10 min to allow solid-vapor equilibration of the iodine within
the vials while the polymer film was simultaneously heated to 75 °C for 10 min. In each
case, the iodine doping was carried out by placing the polymer film into the 20 mL vial
(which contained iodine vapor and the 1 mL vial of 50±5 mg iodine), capping the vial,
and heating to the specified temperature for 2 h.

A.3.5 Simulation Details
Our charge transport model is based on electron hopping between localized sites
and the hopping rate between sites (i-j) is calculated from the Miller-Abrahams rate
equation86 𝑊W| = 𝜈~ 𝑒𝑥𝑝 −2𝛾W| 𝑅W|

?

?

p

p

𝑁 𝛥𝐸W| + ± , where ν0=5×1012 s -1 is the

attempt to escape frequency, γ=1 is the overlap factor (γij=γi+γj, γi and γj are the sitespecific contributions obtained from a Gaussian distribution of width ∑ij=0.25) and Rij is
the distance between the sites. 𝛥𝐸W| = 𝐸| − 𝐸W − 𝑒𝐹𝛥𝑅W|,‡ where, Ei and Ej are the
energies of the sites and F=106 Vm−1 is the externally applied electric field. These are the
values used throughout the simulation unless stated otherwise. 𝑁(𝐸) is the Bose-Einstein
?

distribution with + for hops upwards in energy (𝐸W > 𝐸| ) by absorption of a phonon and
p

?

− for downward hops with the emission of a phonon.
p
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We numerically solve the Pauli master equation to compute the time-averaged
occupational probabilities of the sites using a non-linear iterative solver, and the initial
site occupation probability is given by the Fermi-Dirac distribution.124 In steady-state,
S‰Š
SV

= 0 = 𝛴| [𝑊W| 𝑝W 1 − 𝑝| − 𝑊|W 𝑝| 1 − 𝑝W ] where, pi is the occupation probability of a

site i and Wij is the hopping transition rate, and the whole term is summed over the
neighbor sites j. The current density J is found by a summation over all the carriers in the
direction of the applied field, 𝐽 =
is calculated as 𝑆 =
𝐸% = 𝐸W =

:< ;:E
A%

Š,• :Š `Š• ‰Š

A
•Ž a

W,| 𝑊W| 𝑝W (1

− 𝑝| )𝑅W|,‡ and the Seebeck coefficient

where, ET is the average transport energy, calculated from

?;‰• ‘Š,•,’ 47,50,52

Š,• `Š• ‰Š ?;‰• ‘Š,•,’

.

We simulate a 35×25×25 lattice of sites with an average distance between
adjacent sites a=0.38 nm, and consider up to the third-nearest neighbor, which implies a
maximum hopping distance of 3𝑎. Each site is randomly assigned an energy from a
dopant-induced DOS distribution calculated from72

𝑔 𝐸 =

”l9 • a– —˜Ž
”l™r ™ Ž

~ S:š
”la– —˜Ž
9•
exp
;œ :š›
h
”l™r ™:š Ž

𝑔W 𝐸 − 𝐸U

3

where, Ni and Nd are the intrinsic and dopant concentration respectively, Cs is the
number of dopants in each cluster, Ec is the potential energy of the Coulomb interaction
and gi is the intrinsic Gaussian DOS. Further details of our model have been described in
the Supplementary Information and an upcoming report.125
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A.3.6 KPFM and PL instrumentation and characterization
KPFM experiments were conducted on a Digital Instruments Bioscope Atomic
Force Microscopy (AFM), with AppNano ANSCM-PA Platinum-coated Si cantilever
probe. The probe possesses a resonance frequency of around 254 kHz. A mixed AC and
DC voltage electrical excitation signal was applied between the probe, lifted by 40 nm,
and the grounded sample, to acquire the surface potential contrast. The scan rate was set
to be 0.4 Hz, and the sampling density was 512 lines and 512 samples per line.
The PL imaging was conducted with a Princeton Instrument Acton Photomax 512
EMCCD camera, which was cooled down thermoelectrically to -70 °C. The images were
captured at an exposure time of 0.2 s.

A.4 Preparation of PEDOT:Tos
A.4.1 Materials
EDOT, anhydrous FeCl3, p-toluenesulfonic acid monohydrate, methanol, nbutanol, Pluronic F127, Capstone FS-30, Triton X-45, Tomadol 91-8, Pluronic P85, PEG
600, and ethanol were all purchased from commercial vendors and used as received.

A.4.2 Synthesis of Ferric Tosylate
A solution of NaOH (4.44 g, 111 mmol) in 30 mL water was poured into a
magnetically stirred solution of FeCl3 (6.00 g, 37.0 mmol) in 140 mL water in a 300 mL
RB flask. A brown precipitate immediately formed and was isolated by vacuum filtration
and washed with 200 mL water twice. The brown precipitate was transferred back into
the 300 mL RB flask without completely drying it and suspended in 70 mL of methanol
with stirring. The reaction was charged with a solution of p-toluenesulfonate (20.00 g,
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105.1 mmol) in 30 mL methanol and stirred at 45 °C for 3 h. The solution was subjected
to hot filtration and concentrated by rotary evaporation to the crude product as an organge
solid. Purification by sonication in hot diethyl ether, vacuum filtration, washing with
diethyl ether, and drying in vacuo yielded ferric tosylate as an organge solid (16.24 g,
81%).

A.4.3 Solution Casting Polymerization of PEDOT:Tos
Oxidative solutions were prepared by stirring the desired amount of ferric tosylate
at 50 °C in n-butanol for 2 h before adding the desired amount of weak base additive(s)
and stirring for no less than 12 h. For example, to prepare a stock solution of the
oxidative solution used most frequently in this research, ferric tosylate (2.00 g, 3.51
mmol) and n-butanol (3.00 g, 40.5 mmol) were stirred at 50 °C for 2 h. Pluronic F127
(1.00 g) was added to this and the solution was stirred for an additional 10 h. This
solution could stored at 50 °C and cooled to 30 °C immediately before use. Prolonged
storage at temperatures ≥~30 °C resulted in precipitation of insoluble solids.
For each film of PEDOT:Tos, 600 mg of oxidative stock solution [i.e.
Pluronic F127 (100 mg), ferric tosylate (200 mg, 0.35 mmol), and n-butanol (300 mg,
4.05 mmol)] were stirred in a 7 mL glass vial at 30 °C.
EDOT (25 µL, 0.23 mmol) was injected into the stirred 600 mg oxidative
solution. ~0.2 mL of this solution was immediately spincast in a home-built, humidity
controlled chamber with a relative humidity of 35% onto a hand-cut 1.1 cm 2.2 cm glass
slide using 0 RPM for 60 s, to allow the liquid to wet the substrate, followed by 2000
RPM for 30 s. The film was transferred to a 70 °C hot block, at 35% relative humidity,
for 2 h, where it immediately turned blue from its initial yellow-brown color. The film
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was allowed to cool to ambient temperature for 20 minutes before washing by soaking in
ethanol in a plastic petri dish for 1 minute 3 times, sequentially, using fresh ethanol for
each wash. Ethanol had to be added dropwise, slowly, to the petri dish containing the film
to avoid delaminating it. Films were dried under ambient conditions for at least 12 h
before measuring the conductivity and Seebeck coefficient or electrochemical
modification.

A.5 Measuring the Thermoelectric Properties
The custom-built thermoelectric characterization apparatus used in this work is
reported elsewhere.47-48, 52 In brief, a temperature gradient is established by heating one of
two copper blocks and the film being tested is placed onto a glass slide that bridges the
copper blocks. Four Pt wire contacts are made by firmly clamping a home-built PTFE
block with the Pt wire contacts located on the bottom into the sample, with the innermost
contacts used to measure the resistance and thermovoltage spaced 1.4 cm apart. Type K
thermocouples were inserted into holes in the PTFE block, located just outside the 1.4 cm
spaced Pt contacts were were assumed to by equidistant to the 1.4 cm Pt contacts.
The conductance, G, was taken to be the slope of the I-V curve and s was
calculated from the relation 𝜎 =

¡
¢

. l is the length between Pt electrodes, 1.4 cm, and A is

the area of the device w ´ t where w is the width of the film and t is the thickness
obtained from profilometry after thermoelectric measurements were finished.

A.5.1 Conductivity and Seebeck Coefficent of Iodine Doped P3HT and PDPP4T
Samples were transferred from their iodine doping chamber to the thermoelectric
characterization apparatus in a timely fashion since they began dedoping immediately
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and rapidly in the absence of iodine vapor. A temperature gradient of ~20 °C with an
average temperature of ~50 °C was applied to P3HT, and a temperature gradient of ~10
°C with an average temperature of ~45 °C was applied to PDPP4T. A LabView program
was used to interface with a digital dual input thermometer with k-type thermocouples, a
Keithley 6182 nanovoltmeter, and a Keithley 2440 source meter to repeat measurements
of the temperature gradient ∆T, voltage gradient ∆V, and I-V characteristics across the
sample sequentially and repeatedly every 10 minutes for P3HT and every 2 minutes for
PDPP4T. ∆V was taken to be the average of 1000 voltage measurements from the
Keithley 6182 nanovoltmeter, and a was taken to be ∆V/∆T. Only measurements for
which the standard deviation of the 1000 voltage measurements is less than 1% of their
mean are used to calculate a to ensure only reliable estimates of a are considered.

A.5.2 Conductivity and Seebeck Coefficent of SWNT:PBTDV2 blends and
PEDOT:Tos
The I-V curve for determining the G and s before applying any temperature
gradient. Temperature gradients in the range of 0-10 °C were applied to the sample and
the sample was allowed to equilibrate for 1.5-2.5 h before measuring 1000 Keithley 6182
nanovoltmeter voltage measurements at each temperature gradient. a was determined to
be from the linear fit from the ∆V vs. ∆T curve, as depicted in Figure 44. The advantages
of fitting an entire range of ∆V vs. ∆T instead of calculating a from a single ∆V/∆T point
include the confirmation that a is relatively independent of the average temperature in the
temperature range being studied and the cancellation of any non-thermoelectric potentials
that may be present in the sample.
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Figure 44: A thermovoltage (∆V) vs. temperature gradient (∆T) curve for
PEDOT:Tos used to determine the Seebeck coefficient.
Since P3HT and PDPP4T constantly and rapidly changed their Seebeck
coefficient due to their spontaneous dedoping, measuring the multipoint ∆V vs. ∆T curve
was impractical since the sample would de-dope significantly during the necessary ~7.5 h
of data acquisition. To verify that the single ∆V/∆T point methodology described for
P3HT and PDPP4T in Section A.5.1 provides a reasonable estimate of a, the single
∆V/∆T point calculation was also performed for 8 PEDOT:Tos samples, for comparison
with the multipoint ∆V vs. ∆T curve determined the a of the same samples. Only the
∆V/∆T point at the greatest ∆T value was used to determine a from a single point. The
methods of calculating the Seebeck coefficient for PEDOT:Tos are comparable, with
relative errors (assuming the multipoint ∆V vs. ∆T curve Seebeck coefficient is the
correct value) of 1-2%, as shown if Figure 45. This confirms that estimating a from a
single ∆V/∆T point was valid for P3HT and PDPP4T.
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Figure 45: Single-point Seebeck coefficient calculations (black squares) and relative
error (red crosses) for PEDOT:Tos compared to their multi-point Seebeck
coefficient calculations.
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